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Agree to agree 


The US-China emissions agreement raises hopes for international cooperation on a climate accord. 


But it does not go far enough. 


atmosphere each year comes from China and the United States. 

These countries are the big fish at the United Nations climate 
negotiations, and for years they have been at loggerheads, each deflect- 
ing calls to curb emissions by pointing to the other. As talks languished 
and emissions increased, the rest of the world’s major emitters often 
seemed content to sit back and point the finger at them. Now that these 
two powerhouse polluters have brokered an unexpected deal on emis- 
sions, can the world hope that those days are in the past? All eyes are on 
the UN climate meeting in Lima next week (see page 473). 

The chances of forming a meaningful climate agreement at the 
follow-up UN summit in Paris next year have clearly improved, but 
a dose of scepticism is warranted. Under the US-China agreement, 
inked in Beijing on 12 November by presidents Barack Obama and Xi 
Jinping, the United States would curb its emissions by at least 26% by 
2025, and China would hasten the development of low-carbon energy 
to ensure that its own soaring emissions peak around 2030. These 
are not insignificant targets, but both nations could do more if they 
were really serious about addressing climate change. Moreover, both 
pledges come shrouded in their own particular doubt. 

From the US perspective, Obama has two years left in his presiden- 
tial term to get the ball rolling and even if he succeeds, that ball will 
roll into an uncertain future. His primary weapon is a proposed set of 
regulations for existing power plants, which the US Environmental 
Protection Agency says would reduce emissions by 30% from 2005 
levels by 2030. Assuming that they clear the inevitable court chal- 
lenges, these regulations and the action already taken on vehicle fuel 
efficiency will go a long way, but more will be needed. 

As it stands, many Republicans are lined up against the president's 
climate policies. They have already been critical of Obama's agreement 
with China, and as of January they will control both houses of Con- 
gress. Some observers predict that policies on climate could be among 
the major issues in the presidential election two years from now. That 
would be a welcome first, because much will ride on the outcome. 

As for China, the headline promise is maddeningly vague: ‘around 
2030’ does not tell us precisely when emissions will peak, and Xi did 
not specify how high emissions will climb before then. China is already 
on track to meet its existing goal of producing 15% of its power from 
low-carbon sources by 2020. So its promise to extend that to 20% 
by 2030 makes the latest commitment less than revolutionary. And 
although some energy researchers have suggested that China could 
level off its emissions by 2025, most baseline scenarios suggest that 
without active engagement, the country’s emissions would continue to 
rise until 2050, albeit slowing down once more Chinese citizens have 
finished filling their homes with energy-hungry appliances. 

This agreement has as much to do with political momentum as 
commitments. The stand-off between the United States and China 
is emblematic of a larger rift in the negotiations and has its roots in 


Re 44% of the carbon dioxide that humans release into the 


both morality and science. Developing countries rightly expect those 
who have profited from polluting the atmosphere to lead the way in 
curbing emissions; industrialized countries rightly counter that they 
cannot do it alone, given that most of the growth in greenhouse-gas 
emissions is in the developing world, where more than 1 billion peo- 
ple still live without electricity. Unfortunately, the climate does not 
care about such questions. 

Five years ago, at the most recent headline 
climate summit in Copenhagen, world lead- 


“The stand-off 


between the ers took their first step in breaking down the 
United States legal wall between developed and developing 
and China is countries. Until then, under the 1997 Kyoto 
emblematic ofa Protocol, only developed countries — nota- 


bly minus the United States, which ducked 
out — had obligations to reduce emissions. 
In Copenhagen, many developing countries 
stepped forward with climate pledges, but the negotiations nearly col- 
lapsed. Significant battles remain over commitments, financial aid and 
how to structure an agreement, but most countries now accept that this 
must bea collective effort. 

In theory, the US-China agreement is the last major piece of this 
puzzle. Ifit translates into cooperation on a new climate accord, other 
countries may be encouraged to engage seriously. At a minimum, 
those who have been pointing the finger at the United States and China 
would need to come up with another excuse. 

Allinvolved will get the first glimpse of how this changes the inter- 
national dynamic when negotiators gather in Lima. Fingers crossed. m 


larger rift.” 


Ebola opportunity 


A slowdown in new cases offers a chance for 
control efforts to get ahead of the epidemic. 


and Guinea should be taken advantage of. Almost one year 

after an Ebola epidemic began in West Africa there are at last 
encouraging signs that it may be receding in some regions. But those 
responding to the epidemic must not drop their guard — rather, they 
should seize upon the chance to finish the job. 

“Today, we — two dumbfounded doctors — stare at our empty 
blackboard. We have no more patients.” Last week, that declaration 
was blogged by a doctor with the humanitarian agency Médecins 
Sans Frontiéres (MSF), also known as Doctors Without Borders, at 
an Ebola treatment centre in the Foya region of Liberia. It is the same 


A n apparent slowdown in new cases of Ebola disease in Liberia 
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story in many parts of the country: empty beds that would have been 
unthinkable just a few weeks ago when Ebola treatment centres were 
overflowing. Nationally, the growth in the numbers of those infected 
in Liberia, the worst-affected country, is no longer exponential but 
has flattened off. 

The epidemic has also stabilized in Guinea. But a resurgence of 
cases in Sierra Leone is a timely reminder that until Ebola is eliminated 
throughout West Africa, it remains a major threat. As of 18 Novem- 
ber, Ebola has infected at least 15,000 people and killed 5,440 of them 
in these three main affected countries. But the worst-case scenarios 
predicted by mathematical modellers, which projected a steady apoca- 
lyptic rise in Ebola case numbers, have proved far off the mark (see 
Nature 515, 18; 2014). 

Although complacency is as unwise as it is hopefully unlikely — a lull 
in Ebola cases in the spring prompted authorities to drop their guard, 
only to see the virus return with a vengeance — there are reasons to 
believe that the current lull in Liberia and Guinea may continue. And 
that offers an opportunity to roll back the epidemic at last. 

The exact causes of the lull are unclear. Belated international Ebola 
control efforts are only now beginning to kick in, and have no doubt 
contributed. But much of the slowdown is perhaps due to Africans 
themselves coming to terms with the epidemic and blocking its main 
routes of transmission. In particular, there has been a reduction in 
traditional burial practices, which are a key source of spread. 

The slowing of new cases in Liberia and Guinea is a welcome reprieve 
for the health-care workers and scientists who have toiled to control a 
virus that for months has held the advantage. It is an opportunity to 
regroup, to consolidate gains, and to go all the more on the offensive. 

Until recently, MSF, based in Geneva, Switzerland, was the only seri- 
ous international presence fighting Ebola on the ground, but logistics 
meant that it could operate only a few large centralized treatment cen- 
tres. These large centres, often with hundreds of beds, are still needed 
to absorb any resurgence, particularly in urban areas. But having only 


large centres is not ideal. Patients often have to travel for many hours 
or even days to reach them, and by the time they make it are often 
beyond recovery. They are also likely to have contaminated others en 
route, so fuelling the spread of the virus. 

With its caseloads falling in recent weeks, MSF is coming out of the 
trenches and taking the fight to the virus, sending mobile teams and 
smaller treatment centres to the sites of new outbreaks to try to nip 
them in the bud. MSF sensibly wants other 


“Those : aid groups to adapt in a similar way. It will 
resp onding to bea challenge for the more bureaucratic UN 
the epidemic Mission for Ebola Emergency Response, and 
must not drop the US and other national Ebola-treatment 


their guard. ” efforts, to quickly change their plans, because 
they are mainly based around large centres. 
But it is crucial that the response to Ebola is flexible in the face of the 
shifting epidemiology. 

The slowdown is also buying precious time for the testing of drugs and 
vaccines: clinical trials of vaccines in particular are being fast-tracked, 
with the first results due at the end of 2014. Unfortunately, however, 
drugs and vaccines have captured the spotlight and resources, while 
more mundane interventions that could have an immediate impact have 
been neglected. Better rehydration and electrolyte control can dramati- 
cally reduce mortality: the case fatality rate for patients treated in rich 
countries has been a fraction of the 70% seen in West Africa. Testing 
convalescent blood and serum from survivors — a potentially game- 
changing treatment — should also bea priority. 

At the start of October, the United Nations and the World Health 
Organization set quantitative targets for safe burials, contact tracing 
and other key public-health control measures, which the international 
community was to meet by 1 December. It is already obvious that most 
of these targets will not be met. The breathing space offered by the 
current lull in Liberia and Guinea offers an opportunity to fill gaps 
and ramp up coverage of countermeasures. It must not be wasted. m 


Moon on a stick 


A crowdfunded lunar mission might seem like 
along shot — but there is no harm in trying. 


of fashionable bike helmets, hover boards and even a smart 

frying pan that tells you when to flip a steak. But last week the 
site that has funded thousands of films, games and gadgets launched 
a funding effort for something much bigger: a mission to the Moon. 

On 19 November, under the banner of ‘Lunar Mission One’, a 
UK-led consortium announced a goal to put a lander on the Moon by 
2024 and to retrieve and analyse samples from 100 metres below the 
lunar south pole. The mission itself would cost around US$1 billion. 
For starters, it needs $1 million by 17 December. As Nature went to 
press, it has more than half of that. 

Attempting to invert the fund-raising model for science missions, 
the project would get its cash by encouraging many thousands of 
people to give a few dollars. In return, investors get the chance to 
preserve a little bit of themselves in a time capsule that will fill the 
borehole: either in a digital form, in a ‘memory box, or witha strand 
of hair. The latter would cost as little as $80. 

This is not the first science project to seek crowdfunding. For 
example, last year, synthetic biologist Omri Amirav-Drory, founder 
of the company Genome Compiler, raised $480,000 on Kickstarter 
to create glowing plants. Nor is it the first private venture to shoot 
for the Moon — the companies that compete for the Google Lunar 
X Prize are the most notable. 


Te crowdfunding platform Kickstarter is popular with inventors 
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So how seriously should we take the new Moon shot? Certainly the 
institutions involved are solid enough. University College London and 
RAL Space, part of the UK Science and Technology Facilities Council 
and a partner in more than 200 space missions, have assessed the fea- 
sibility of the mission. The Open University in Milton Keynes, UK, is 
working on the educational side. High-profile celebrity scientists and 
former UK science ministers have clamoured to back the venture, and 
seasoned academics from universities across the United Kingdom 
have built the mission's science case. 

The promised science is interesting. Europe has never sent a lander 
to the lunar surface, and no nation has ever visited its south pole. 
Permanently shadowed craters there are thought to contain water, 
and digging deep into the surface could answer countless unsolved 
questions about the Moon's history. And the timing is good. Space 
science is basking in the glow of ESAs Rosetta mission, which landed 
a probe on a comet earlier this month. 

But $1 billion? Organizers aim to fill a gap in public funding in 
a way that neither detracts from existing space missions nor puts 
governments in a predicament. The mission gets funding only if 
people care enough to contribute, says Richard Holdaway, director 
of RAL Space. “It’s not about deciding whether to spend money on 
a space programme or a new hospital,” he says. “It's democracy at 
its greatest level.” 

Perhaps wary of pouring cold water on an aspirational and 
ambitious plan, sceptics have been surprisingly hard to find. The 
effort is plainly ambitious. But, the message seems to be, where 
is the harm in trying? If Lunar Mission One 
misses its funding target, the programme 
simply stops, having broken the first rule of 
any sales effort — offer a product that enough 
consumers want. 
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be told that their work is flawed, unworthy or just plain wrong. But 
in recent months, I received reviews of my own submitted papers 
that suggest reviewers simply did not read the manuscript properly. 

This is not nitpicking over matters of opinion or interpretation. 
In one instance, a reviewer complimented the double-blind placebo- 
controlled nature of our study, and made methodological comments 
related to that. Yet the study was not placebo controlled. In fact, par- 
ticipants were randomly assigned to three different active treatments. 
That is a serious mistake and undermines the supposed internal 
quality control of the peer-review system. 

Conversations with colleagues reveal similar concerns about peer- 
review quality, and suggest that the scale of the problem has increased 
over the past few years. These are anecdotal 
reports, but they do raise a serious question: as 
the number of academic papers and scientific 
journals published continues to grow, can the 
peer-review system cope? 

The migration of scholarly journals from 
print to digital increases the burden on review- 
ers. Online publications have no page budgets or 
print costs, and so can publish as much as they 
like. Once, this process was managed by editors 
who would decide whether to send a paper out 
for review, or to simply reject it. This system had 
its own disadvantages but it seemed to keep the 
total number of papers that required review at a 
manageable level. The default option for many 
online journals seems to be to send all submis- 
sions out for review. The rise of the open-access 
(OA) movement compounds this effect. The busi- 
ness case for online OA journals, to which authors pay submission fees, 
works best at high volume. And for many of these journals, submitted 
work is published as long as it is methodologically sound. It does not 
have to demonstrate, for example, the novelty or societal relevance that 
some traditional journals demand. 

The OA publisher Frontiers, for example, focuses on: “certifying the 
accuracy and validity of articles, not on evaluating their significance”. 

I think that some reviewers take the removal of the need for signifi- 
cance as a signal that they need to read and evaluate only the methods 
and statistics sections of a paper under review, and pay less attention 
to its rationale and wider context. One positive development of this 
is that papers that are important, but of limited interest, can get pub- 
lished, such as ‘null’ findings and failed replications. But given the 
‘publish or perish’ nature of modern research, 


S cientists like to complain about peer review. No researcher wants to 


if scientists can publish more papers, they will. NATURE.COM 
In this way, OA and other online journals both _ Discuss this article 
meet and create the demand for a massive rise _ online at: 


in academic output. The OA journal PLoS ONE, —_go.iiature.com/rst2fv 


INCREASED 
PRESSURE MEANS 


PAPERS 


ARE ASSIGNED TO 


REVIEWERS 


WHO ARE 


NOT EXPERTS 


IN THE AREA. 


_ Open access is tiring out 
* peer reviewers 


As numbers of published articles rise, the scholarly review system must adapt 
to avoid unmanageable burdens and slipping standards, says Martijn Arns. 


for example, has published more than 105,000 papers since 2006, and 
Frontiers more than 20,000 since 2007. If at least two reviewers saw 
each manuscript, that amounts to more than 250,000 reviews for those 
two publishers alone. 

If the number of journals and manuscripts grows faster than the 
number of scientists, the pressure on peer reviewers has to increase. Is 
that happening? It is hard to find reliable data. The annual number of 
articles indexed in the publisher Elsevier’s Scopus database increased 
from around 1.2 million in 2000 to roughly 2.7 million in 2013. That 
is an increase of 113%, but some of this rise is simply due to articles 
from more journals being included in the later count. Available figures 
suggest that the increase in scientists is slower: 2.8% per year in the 
European Union (between 2006 and 2011) and just 1.5% in the United 
States, but it is harder to track the faster rates of 
change in countries such as China. A 2014 survey 
of 3,000 scientists by Elsevier found that only 29% 
complained that pressure is increasing on review- 
ers — but that figure is 10% higher than in 2009. 

One result of increased pressure is that papers 
are assigned to reviewers who are not experts in 
the area. They might have the technical ability to 
evaluate methods and results sections — as these 
OA journals require — but lack the expertise to 
evaluate a full paper, including introduction and 
discussion. This matters. Reviewers should verify 
that authors are quoting the right literature to 
support their rationale. Citing obsolete studies 
will set back science, because invalid conclusions 
might be kept alive. 

To protect quality reviewing, a hybrid model 
should be considered. I suggest a two-tier system, 
in which some papers are not reviewed before publication at all and are 
instead subject to a post-publication peer review. Some manuscripts 
are of interest mainly to scientists, such as null findings, methodologi- 
cal studies or straight repeats of previous experiments. There is great 
value in publishing these papers, but perhaps not in sending them all 
out for review. This would free up peer reviewers to focus on papers 
with more direct societal impact, where the question of whether to 
publish at all is more relevant. Pre-publication review is more impor- 
tant there, because it protects the lay audience from being exposed to 
‘miracle cures’ and wild claims. 

In my view, we must look at the massive expansion of online pub- 
lications (most of which are OA journals) as a disruptive technol- 
ogy, resulting in overworked and fatigued reviewers. Quality will 
suffer — across the board — unless something is done. m 


Martijn Arns is director and researcher at Research Institute 
Brainclinics in Nijmegen, the Netherlands. 
e-mail: martijn@brainclinics.com 
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Diodes printed in 
three dimensions 


Researchers have created a 
light-emitting diode (LED) 
by three-dimensional (3D) 
printing of five different 
materials — expanding the 
number and type of material 
that can be printed in this way. 

This technique involves 
depositing materials layer 
by layer until a 3D object is 
formed. Michael McAlpine 
and his colleagues at Princeton 
University in New Jersey 
used the technology to print 
a millimetre-sized LED based 
on quantum dots — nanoscale 
crystals that emit light. 

They seamlessly printed 
an organic polymer and an 
indium and gallium metal 
for the electrodes; a silver 
metallic interconnect; a 
layer of quantum dots; anda 
conductive plastic layer. The 
entire device was printed onto 
a curved contact lens. 

Other devices, including 
solar cells and transistors, 
could be made in this way, the 
researchers say. 

Nano Lett. http://dx.doi. 
org/10.1021/n15033292 (2014) 


ZOOLOGY 


Termite eggs ward 
off sperm 


Ageing termite queens 
produce new queens asexually 
by laying eggs without any 


Selections from the 
scientific literature 


GEOLOGY 


Earthquake risk for North China city 


Tianjin (pictured), a Chinese city of 11 million 

people not far from Beijing, lies atop a seismic 

fault that could be overdue for a large earthquake. 
An Yin of the University of California 

in Los Angeles and his colleagues analysed 

modern and historical records of earthquakes 

in northern China. Mapping their locations 

revealed a 160-kilometre-long fault 

segment running through Tianjin, roughly 

100 kilometres southeast of Beijing. This area 


openings that normally allow 
sperm to pass through. 

In termite colonies, queens 
can reproduce both asexually 
to generate new queens and 
sexually to produce other 
colony members. Toshihisa 
Yashiro and Kenji Matsuura 
at Kyoto University in Japan 
analysed eggs collected from 
field colonies of the termite 
Reticulitermes speratus 
(pictured). They found that in 
the eggs that had no openings 
for sperm, the embryos 
developed without any genetic 
contribution from the male. 
Eggs from older queens tended 
to have few or no openings 
compared with eggs from 
younger queens. 

This is arare example of a 
female animal controlling the 
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3,000 years. 


fertilization of her eggs even 
when males are present, the 
authors say. 

Proc. Natl Acad. Sci. USA http:// 
doi.org/w87 (2014) 


Rapid synthesis a 
thousand times 


A robotic system that can 
carry out and analyse 1,536 
chemical reactions in less than 
a day could help to accelerate 
drug discovery. 

Tim Cernak and Spencer 
Dreher at pharmaceutical 
company Merck in 
Massachusetts and New 
Jersey and their colleagues 
used the system to couple a 
model substrate with 16 other 


has not experienced a major tremor for about 
8,400 years, and the authors estimate that 

a quake of roughly magnitude 7.5 is either 
overdue or will strike in the next 2,000 to 


Given the region’s complex fault structure, 
however, other factors could explain the lack 
of major earthquakes, such as multiple smaller 
quakes releasing energy from the fault. 
Geology http://doi.org/w8j (2014) 


molecules, in combination 
with 16 different palladium 
catalysts and 6 basic reagents. 
Each of these unique mixtures 
was dissolved in 1 microlitre 
of solvent, automatically 
dispensed into a separate 
chamber on a 1,536-well plate, 
and its products were analysed 
to determine optimum 
reaction conditions. 

The researchers also coupled 
pairs of more-complex, drug- 
like substrates, and easily 
scaled up successful reactions 
by 1,000 times or more. This 
high-throughput approach 
could rapidly assess synthetic 
routes to a wide range of drug 
candidates without wasting 
precious starting materials. 
Science http://doi.org/w9d 
(2014) 
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MICROBIOLOGY 


RNA pockets help 
parasites to infect 


Parasitic worms release tiny 
sacs filled with small RNAs 
that disable immune responses 
in infected mice. 

The membrane-bound 
sacs, or exosomes, sprout 
from cells and contain 
proteins and nucleic acids. 
Amy Buck at the University 
of Edinburgh, UK, and her 
team found that the nematode 
Heligmosomoides polygyrus, 
which infects the mouse gut, 
produces exosomes containing 
microRNAs (miRNAs) and 
“Y RNAs that can affect gene 
expression. The exosomes also 
carried a protein required to 
process those RNAs. 

Mice exposed to exosomes 
showed a reduced immune 
response to an allergen 
compared to unexposed 
mice. The sacs also lowered 
expression of some immune- 
related genes in mouse cells 
ina lab dish. Moreover, 
the animals had miRNA 
from another worm called 
Litomosoides sigmodontis in 
their blood, suggesting that 
miRNA is secreted by other 
nematodes. 

Nature Commun. 5, 5488 (2014) 


GEOPHYSICS 


How Greenland 
got its ice 


Changes in Earth's mantle and 
crust allowed Greenland to 
accumulate its massive ice sheet 
over the past few million years. 
Bernhard Steinberger of the 
German Research Centre for 
Geosciences in Potsdam and 
his colleagues used various 
models to reconstruct past 
plate-tectonic activity. They 
found that pulses of molten 
rock from deep within Earth 
rose up and thinned the 
overlying crust, which led to an 
uplift of eastern Greenland by 
more than 3 kilometres above 
sea level. Then, two rotations of 
the crust carrying Greenland 
shifted it 18° farther north 
in latitude. Once high and 
northerly enough, Greenland 


could begin accumulating ice 
year-round. 

The discovery shows how 
changes deep inside Earth can 
drive environmental changes 
on the surface. 

Terra Nova http://doi.org/w8q 
(2014) 


MATERIALS 


Blu-ray patterns 
pump up solar cells 


The surface pattern ona 
Blu-ray disc can be used to 
boost solar-cell performance. 

Light is absorbed and 
scattered in unusual ways by 
nanometre-scale patterns 
found on iridescent surfaces, 
such as insect wings, because 
the patterns are neither 
completely periodic nor 
random. They also allow solar 
cells to absorb more light, 
but making such patterns in 
photonic devices is difficult 
and expensive. Cheng Sun, 
Jiaxing Huang and their 
colleagues at Northwestern 
University in Evanston, 
Illinois, discovered that the 
pits and islands on the surface 
of Blu-ray movie discs have the 
same pattern. They used these 
discs to imprint the patterns 
on to an organic thin film ofa 
solar cell. 

The device absorbed 22% 
more of the energy from 
incoming sunlight than an 
unpatterned solar cell. 

Nature Commun. 5, 5517 (2014) 


Epilepsy controlled 
from a distance 


Disrupting electrical activity 
in a brain region not directly 
affected by epilepsy could be 
a way to control treatment- 
resistant forms of the disorder. 
Esther Krook-Magnuson 
and her colleagues at the 
University of California, Irvine, 
mimicked epilepsy in mice by 
injecting a chemical into the 
hippocampus, where seizures 
arise in a common form of the 
human disease that is hard 
to treat. The mice had been 
genetically modified so that 
electrical activity in their brains 
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SOCIAL SELECTION 


Popular articles 
on social media 


Old papers find new life online 


Search engines have revolutionized how scientists find 
papers — especially articles that have been around for a 
while. A team of researchers at Google has documented a 
surge in the citation rate for older papers. The study found 
that 36% of citations in 2013 were to papers that were at least 
10 years old — a 28% increase since 1990. Scientists had 
a range of responses online. Carlos Baquero, a computer 
scientist at the University of Minho in Braga, Portugal, 
tweeted: “Older articles are now more accessible and thus 
their impact has grown. Knowledge escapes tyranny of time.’ 
The authors say that the digitization of journal archives and 
online search engines have made it easier than ever to find 


older papers. 


Preprint at http://arxiv.org/abs/1411.0275 (2014) 


Based on data from altmetric.com. 
Altmetric is supported by Macmillan 
Science and Education, which owns 
Nature Publishing Group. 


could be controlled with light. 
When the team excited or 
inhibited neurons in the mouse 
cerebellum, spontaneous 
seizures recorded in the 
hippocampus became shorter. 
When they excited neurons 
in the midline cerebellum, 
the seizures also became less 
frequent. Altering the activity 
of neurons in the hippocampus, 
however, had no effect on 
seizure frequency. 
eNeuro http://dx.doi.org/10.1523/ 
eneuro.0005-14.2014 (2014) 


Fish tags guide 
seal predators 


Seals can home in on acoustic 
tags routinely attached to fish 
by marine scientists. 

These small, sound-emitting 
devices are often used to track 
fish populations. Vincent 
Janik at the University of 
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St Andrews, UK, and his 
colleagues allowed 10 captive 
grey seals (Halichoerus grypus; 
pictured) to explore 20 boxes 
ina pool. One box was baited 
with an untagged fish, another 
contained a tagged fish and the 
rest were empty. 

In aseries of tests, the 
seals found the tagged fish 
with increasing speed, and 
homed in on it faster than 
on the untagged fish. In later 
experiments in which no fish 
bait was used, the animals still 
generally visited tagged boxes 
faster than untagged boxes. 

This adds to evidence that 
marine mammals can use 
human-generated sounds to 
find prey in the wild. 
Proc. R. Soc. B 282, 20141595 
(2014) 
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POLICY 


Oil-pipeline vote 

On 18 November, the US 
Senate rejected legislation 

to approve the controversial 
Keystone XL pipeline, which 
would connect oil sands 

in Alberta, Canada, to US 
refineries near the Gulf of 
Mexico. Supporters fell one 
vote shy of the 60 needed to 
advance the pipeline proposal 
in the Senate; the House of 
Representatives had approved 
the bill on 14 November. The 
issue is expected to resurface 
in January, when Republicans 
who favour the pipeline take 
control of the US Congress. 


Climate pledges 

At aconference for the Green 
Climate Fund in Berlin last 
week, 21 donor countries 
promised US$9.3 billion to 
help developing nations to deal 
with climate change. The total 
fell just short of the $10 billion 
that the fund, established in 
2011, was meant to have held 
by the end of 2014. 


Clinical-trials data 
The US National Institutes of 
Health and the Food and Drug 
Administration proposed 
regulations on 19 November 
that would make it harder for 
researchers and companies 

to hide negative results and 
harmful side effects that occur 
in clinical trials. See page 477 
for more. 


Runaway emissions 
Without a significant 

new international climate 
agreement, greenhouse-gas 
emissions are set to overshoot 
targets intended to limit 

global warming to 2°C above 
pre-industrial levels, the 
United Nations Environment 
Programme reported on 

19 November. On the basis of 
existing climate commitments, 
the agency projects that 
annual global emissions will 


Wave power hits choppy waters 


Pelamis Wave Power, based in Edinburgh, UK, 
said on 21 November that it lacked funds to 
continue development of its system to generate 
electricity from oceanic wave power. The 
company will enter administration, a rescue 
mechanism that allows it to keep operating 
and assess options for its future. Pelamis’s 
technology (pictured) uses connected buoys 
atop the ocean that wriggle in a snake-like 
motion. Hydraulic pumps along the chain 


exceed targets by as much as 
23% in 2020 and 40% in 2030. 
The report suggests that for 
the goal to be met, net carbon 
dioxide emissions must fall 

to zero between 2055 and 
2070, followed by the same 
reduction in other greenhouse 
gases. 


Polar code 

Ships operating in polar 
waters will be regulated 
internationally for the first 
time under a ‘polar code 
adopted by the International 
Maritime Organization on 
21 November. The United 
Nations’ shipping agency 
agreed the code, which will 
regulate the types of ship that 
are allowed to operate in Arctic 
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and Antarctic waters and 

how they are run, in the wake 
of high-profile accidents in 
Antarctica and an increasingly 
ice-free Arctic. It aims to 
safeguard both human life 

and the delicate environments 
around the poles. See 
go.nature.com/jd5z4t for more. 


| _BUSINESS 
Charity windfall 


The Cystic Fibrosis Foundation 
has made US$3.3 billion by 
selling its rights to royalties 

on cystic-fibrosis drugs, it 
announced on 19 November. 
The charity, based in 

Bethesda, Maryland, received 
the rights as a condition 

ofits early $75-million 


use the motion to drive fluids to an on-board 
generator. The firm, which has been testing a 
pair of 750-kilowatt machines in the Orkney 
Islands, lost a partnership with German 
utilities firm E.ON last year. Pelamis and other 
wave-power firms have had trouble attracting 
commercial interest from the energy sector, in 
part because current devices cannot withstand 
battering by the seas over the long term 

(see Nature 508, 302-304; 2014). 


investment in cystic-fibrosis 
therapies developed by 

Vertex Pharmaceuticals of 
Boston, Massachusetts. The 
high price of the resulting 
drugs — about $300,000 fora 
year of treatment — has caused 
controversy (see go.nature. 
com/noodlm). The foundation 
sold the rights to Royalty 
Pharma of New York City. 


Drug-cost shock 

It costs US$2.56 billion to 
develop a drug that makes 

it to market, the Tufts 

Center for the Study of Drug 
Development reported on 

18 November. The figure 

is more than double its 2003 
estimate. The enormous cost 
attracted immediate criticism 


ASHLEY COOPER/CORBIS 


< from charities and non- 

. governmental organizations 
involved in drug development, 
who said it was exaggerated. 
The centre, based in Boston, 
Massachusetts, receives 
some funding from the 
pharmaceutical industry, 
but says that it maintains its 
independence. Its estimate 
drew on data from 10 firms on 
106 randomly selected drugs 
that entered human testing 
from 1995 to 2007. 


een PEOPLE| 
New AAAS head 


Rush Holt, the New Jersey 
physicist who is retiring 

from the US House of 
Representatives, will be the 
next chief executive of the 
American Association for 

the Advancement of Science 
(AAAS) in Washington DC. 
Holt replaces Alan Leshner, 
who since 2001 has led the 
organization that publishes 
the journal Science. The AAAS 
announced the appointment 
on 18 November. During his 
time in Congress, Holt pushed 
for increased science funding. 
Earlier in his career, he helped 
to lead the Princeton Plasma 
Physics Laboratory in New 
Jersey. 


ITER leader 


French nuclear official 
Bernard Bigot was nominated 
on 20 November as the next 
director-general of ITER, 


TREND WATCH 


Jean Tournadre, a geophysicist at 
France’ national marine research 
agency IFREMER, says that 

he has made the most accurate 
determination yet of the rise in 
global maritime traffic — and 

in the accompanying pollution. 
Data from space-borne altimeters, 
which bounce radar off oceans 

to measure altitude, allowed 

him to track ships (J. Tournadre 
Geophys. Res. Lett. http://doi.org/ 
xb5; 2014), and showed a fourfold 
increase in traffic over 20 years, 
particularly in the Arabian Sea 
and Bay of Bengal. 


the multibillion-euro project 
to build the world’s largest 
nuclear-fusion reactor. Bigot 
(pictured) is currently chair 
of the CEA, the French 
Alternative Energies and 
Atomic Energy Commission, 
and will succeed Japan's 
Osamu Motojima. Bigot says 
that he plans to reform the 
project’s management and 
governance, which has been 
blamed for budget overruns 
and construction delays. See 
go.nature.com/xct961 for 
more. 


Jail for physicist 
Turkish astrophysicist Esat 
Rennan Pekiinlii at Ege 
University in Izmir begins 
serving a 25-month jail 
sentence this week, after being 
convicted of preventing female 
students who wear headscarves 
from attending class. In 2013, 
he lost his appeal to have the 
sentence overturned by the 
Constitutional Court (see 
go.nature.com/tm8wus). 

The US-based International 


Human Rights Network of 
Academies and Scholarly 
Societies is looking into 

the case, and last month 
Pekiinli filed an appeal to the 
European Court of Human 
Rights. 


Research fraud 


Igor Dzhura, a former 

senior research associate 

in biomedical engineering 

at Vanderbilt University 

in Nashville, Tennessee, 
falsified results in at least 

69 images across 7 publications 
and 3 grant applications, 
reported the US Office of 
Research Integrity (ORI) on 
20 November. Dzhura has also 
been fired by the drug firm 
Novartis, where he worked 
after leaving Vanderbilt. 
Investigations by the ORI 

and the university found that 
Dzhura also duplicated and 
renamed computer files to give 
the appearance of experiments 
he had never conducted. As 
part of a three-year agreement, 
Dzhura will retract or correct 
several journal articles, 
including a 2000 paper in 
Nature Cell Biology. 


Publishing pressure 
The Bill & Melinda Gates 
Foundation announced on 

20 November the world’s 
strongest policy supporting 
open-access research. From 
January 2015, researchers 


THE GROWTH IN SHIP TRAFFIC 


Satellite data show global ship traffic quadrupled between 1992 
and 2012, with proportional growth greatest in the Indian Ocean. 
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SEVEN DAYS | THIS WEEK | 


30 NOVEMBER 
Hayabusa 2, the 
world’s second mission 
to retrieve asteroid 
samples, launches from 
the Tanegashima Space 
Center in Japan. 


1-12 DECEMBER 
Lima hosts international 
climate negotiations at 
the 20th Conference of 
the Parties to the United 
Nations Framework 
Convention on Climate 
Change. 
go.nature.com/p6lv6w 


funded by the charity, based 
in Seattle, Washington, 

must make their resulting 
papers and underlying data 
open access immediately on 
publication — and must make 
them available for commercial 
reuse. A 12-month delay on 
openness is allowed, if needed, 
until 2017. But the demand 

to allow commercial reuse 
directly conflicts with the 
policies of many journals, 
including Nature and Science. 
See go.nature.com/tdumvy for 
more. 


LHC data shared 


Collision data from the Large 
Hadron Collider (LHC) are 
being made freely available 

for the first time by CERN, 
Europe’ particle-physics lab 
near Geneva, Switzerland. The 
Open Data Portal, launched on 
20 November, is part of CERN’s 
push to preserve its data by 
encouraging researchers, 
citizen scientists and students 
to mine them (see Nature 

503, 447; 2013). Some of the 
first results shared come from 
the LHC’s Compact Muon 
Solenoid collaboration, which 
has committed to releasing 
data three years after collection. 
Selected data sets prepared for 
educational purposes will also 
be made available. 


> NATURE.COM 
For daily news updates see: 
Www.nature.com/news 
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Volcano 
ups pressure on 
marine portal p.474 


eye up brain-linked 
prosthetics p.476 


Regulators 


hurdle p.478 


Open-data 
effort faces enforcement 


NASA seeks 
plutonium to fuel 
missions p.484 


| EMI 


—-_ 
US President Barack Obama and Chinese President Xi Jinping celebrate their joint commitment to limit carbon emissions, on 12 November. 


—China climate deal 


raises hopes for Lima talks 


But challenges remain for United Nations meeting in run-up to anew 2015 emissions treaty. 


BY JEFF TOLLEFSON 


sudden climate truce between China 
A the United States has renewed 

hopes that a two-decade stand-off 
between developed and developing nations 
over addressing climate change may at last be 
coming to an end. The first test will come as 
international negotiations resume on 1 Decem- 
ber at the conference of the United Nations 
Framework Convention on Climate Change 
(UNFCCC) in Lima. Negotiators expect to lay 
the groundwork there for next year’s summit in 


Paris, where countries are scheduled to sign a 
treaty that would probably take effect after 2020. 

In the deal with China, US President Barack 
Obama committed the United States to reduc- 
ing its emissions to 26-28% below 2005 levels 
by 2025. Chinese President Xi Jinping pledged 
that his country’s emissions would peak 
around 2030, although he did not specify an 
exact level (see ‘Carbon budget’). 

“It’s hard to imagine a more important 
signal to get the ball rolling,” says Elliot 
Diringer, executive vice-president of the 
Center for Climate and Energy Solutions, a 


think tank in Arlington, Virginia. 

Much of the focus in Lima will be on how to 
translate a patchwork of emissions-reduction 
pledges such as the US-China deal into a fully 
fledged international agreement. The 2009 
Copenhagen Accord brought developed and 
developing countries under one umbrella for 
the first time, but critics say that it resulted in 
little more than a list of promises. The ques- 
tion heading into the Paris summit is how to 
lock those national pledges into a more robust 
framework that includes formal procedures 
for verifying that countries meet their 
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| NEWS IN FOCUS 


CARBON BUDGET 


Global carbon dioxide emissions have risen steadily for more than three 
decades. With 1,900 gigatonnes (Gt) of CO, released already, nations will 
have to limit future emissions to 1,000 Gt to keep the global average 


temperature rise to within 2°C of pre-industrial levels. 
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> commitments, intervening when they do 
not and then revisiting the pledges to ratchet 
down emissions over time. 

Saleemul Hug, director of the International 
Centre for Climate Change and Development 
in Dhaka, says that the US-China agreement 
marks a shift in climate negotiations. Battles 
may arise over the ultimate treaty’s structure, 
further emissions reductions and financial 
aid promised by developed nations. But 
most countries, rich and poor alike, are now 
aligned and committed to addressing climate 
change. “I think momentum is the key, rather 
than an agreement that solves everything on 
paper,’ Huq says. 


2010 
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Remaining 
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He maintains that the political challenge 
is quite simple: move investments away from 
fossil fuels and into clean energy. “If we can 
make that switch, he says, “then we have more 
or less won the game.” 

Nations have committed to limiting the 
global average temperature increase to 2°C 
above pre-industrial levels, but so far there 
is little evidence that their governments will 
follow through. Scientists have calculated 
an overall limit on how much more car- 
bon dioxide can be emitted to stay within 
that range — about a trillion tonnes — and 
mapped out a range of emissions-reduction 
pathways that are required to keep within that 


budget. On the basis of commitments in place 
before the US-China deal, the UN Environ- 
ment Programme projects that emissions will 
exceed the level consistent with the 2 °C mark 
by 40% in 2030. 

The US-China deal will not close this gap, 
but it is nonetheless a step in the right direc- 
tion, says Bill Hare, managing director of 
Climate Analytics, a think tank in Berlin that 
analyses national climate policies. “They are 
definitely within shouting distance of the 2°C 
pathway,’ he says, “and it’s going to put pressure 
on many others to enter the game.” 

The European Union has already said that 
it will reduce its emissions to 40% below 
1990 levels by 2030, and further pledges are 
expected in the first quarter of 2015. Whereas 
the 1997 Kyoto Protocol bound only developed 
countries and covered around 40% of global 
emissions, experts expect that the current 
round of commitments, scheduled to be sub- 
mitted to the UNFCCC by March, includes all 
major countries and is likely to cover up to 80% 
of global emissions. 

“It’s a completely different ball game,’ says 
Valli Moosa, a former environment minister 
for South Africa and current chairman of the 
conservation organization WWF South Africa. 
He is currently co-chairing an independent 
dialogue involving climate officials from more 
than 20 leading countries at the Center for Cli- 
mate and Energy Solutions — and on the basis 
of those discussions, he thinks that the road to 
Paris looks promising. 

“Everything is aligned for success,’ he says. 
“Having said that, it’s anybody’s guess.” m 


SOURCE: UNEP 


Ocean observatory project 
hits rough water 


Problems with data management challenge US effort to monitor seas in real time. 


BY ALEXANDRA WITZE 


to the seas surrounding Greenland, 
US oceanographers have nearly finished 
deploying hundreds of sensors, moorings, 
gliders and other equipment that make up an 
ambitious US$386-million effort to establish 
the world’s biggest interactive portal to the 
oceans. Through the Ocean Observatories Ini- 
tiative (OOT), set for completion by May 2015, 
anyone could watch the climate changing in 
the North Pacific or an underwater volcano 
erupting in real time. 
But even as the final instruments splash 


' rom the waters off western North America 


into the sea, the project has hit a snag. After 
spending $37 million to develop state-of-the- 
art software to manage live data, the OOI has 
terminated that contract — shifting responsi- 
bility for ‘cyberinfrastructure’ from the Uni- 
versity of California, San Diego (UCSD), to 
a group based at Rutgers University in New 
Brunswick, New Jersey. 

The shift is meant to help the OOI finish con- 
struction on time and on budget by next spring, 
and is likely to delay the start of data streaming 
by only a few months. Still, it is making some 
oceanographers anxious, given the project's 
broad scope. Data from its observatories are 
likely to dominate US oceanography for the 
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next 25 years — the OOT’s planned lifetime. 
The project, funded by the US National 
Science Foundation, is intended to be for the 
oceans what earthquake and volcano moni- 
tors are for the land: a way to allow real-time 
glimpses into the currents, marine life and 
chemistry in the deep sea. It will scrutinize a 
few select patches of ocean in exhaustive detail, 
using instruments attached to cables and on 
free-sailing gliders to measure temperature, 
salinity, chemistry and other key oceano- 
graphic parameters. The network’s scattered 
locations include a cabled sea-floor observatory 
off the coast of Oregon; sets of instrumented 
moorings off the US east and west coasts; and 


CANADIAN SCIENTIFIC SUBMERSIBLE FACILITY 


four high-latitude sites (see “Wired waters’). 

As Nature went to press, a few spreadsheets’ 
worth of data gathered over the summer from 
the coastal sites was all that was publicly avail- 
able. Live data from the entire system will 
start rolling out slowly over the next couple 
of months, says Tim Cowles, who oversees 
project construction for the Consortium for 
Ocean Leadership in Washington DC, which 
is overseeing the OOI. 

Originally, the data were to flow into a 
sophisticated command-and-control system 
where, for instance, oceanographers could 
order a glider to quickly change its course. 
John Orcutt, head of the UCSD project, says 
that his team had built this command interface 
and that it was delivering data reliably. 

But Cowles says that the project had been 
slipping further and further behind schedule, 
and so the decision was made to terminate 
the UCSD contract. In the early morning of 
1 November, Orcutt’s team shut down its con- 
nections with OOI equipment and began pack- 
ing up computer servers to ship to Rutgers. 

Cowles acknowledges that the Rutgers soft- 
ware is likely to be more basic than the UCSD 
system; it might, for instance, have less abil- 
ity to control equipment in the water. “Some- 
body’s going to say ‘I really wanted a Ferrari 
and you only delivered a BMW,” he says. “But 
the key user functionality will be there” 

Finishing the data-management system could 
bea race against time, at least for a key OOI site 
off the Oregon coast. There, the underwater 
volcano Axial is building up to an eruption. 
This summer, in a marathon effort, a team led 
by scientists from the University of Washington 
finished installing all the instruments at Axial — 
including seismometers, web cameras, and oth- 
ers — for the sea-floor cabled observatory. “It's 
in the water, and it works,’ says John Delaney, an 
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WIRED WATERS 


The Ocean Observatories Initiative aims to build 
a global network of underwater monitoring sites 
to provide a continuous stream of data — 
capturing events such as the likely eruption of 
the Axial volcano off the coast of Oregon. 


Installation of the Ocean Observatories Initiative network is set to finish in March 2015. 


oceanographer at the University of Washington 
in Seattle who designed the observatory. “I'm 
very, very excited about that.” But data from the 
OOI cable are not yet available to the broader 
scientific community. 

The timing is urgent: Axial last erupted in 
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2011, and magma is now refilling the sea floor 
beneath the volcano so quickly that some geol- 
ogists predict that it will erupt within a year. As 
they wait for the OOI software, Delaney and 
others are working to arrange access through 
a data centre at the Incorporated Research 
Institutions for Seismology in Washington DC. 
“I want the data in the hands of the commu- 
nity,’ says Delaney. “That’s what it was all about 
to begin with” 

In addition to the unfinished data pipeline, 
two major parts of the OOI have yet to go 
into the water. In February and March 2015, 
oceanographers aboard the research vessel 
Atlantis will deploy moored sensor arrays 
off the coasts of Chile and Argentina — the 
network's final sites. 

The OOI will be formally commissioned in 
mid-May, which is the ultimate deadline for all 
the data to be publicly available. Science work- 
shops on using the data will take place starting 
early next year, Cowles wrote in a 24 November 
web update. 

“If there are expectations that were devel- 
oped six years ago by members of the com- 
munity, maybe that wish won't necessarily 
come true based on their earliest dream,” 
says Cowles. “Nonetheless, the built reality 
of the OOI will be remarkable, and unlike 
any functionality we in ocean science have 
had before.” = 
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Patients can now guide robotic limbs using devices implanted in their brains. 


Regulators assess 
brain-linked devices 


Food and Drug Administration homes in on neural implants. 


BY SARA REARDON 


neural connection between their brains 

and limbs, a small number of patients are 
reaching out and feeling the world with pros- 
thetic devices wired directly to their brains. 
Earlier this month, scientists at the California 
Institute of Technology (Caltech) in Pasadena 
implanted a person's brain with electrode arrays 
that read neural activity to control a robotic arm 
and stimulate the brain to deliver a sensation of 
what the arm touched. And since 2011, a team 
at the University of Pittsburgh in Pennsylva- 
nia has been working with a small number of 
people who control prostheses through neural 
implants. “It’s moving quick at the moment,” 
says Christian Klaes, a neuroscientist on the 
Caltech effort. “The race has started” 

The advances are also starting to attract 
serious attention from the US Food and Drug 
Administration (FDA), which is wrestling 
with how best to regulate such brain-com- 
puter interfaces to ensure that they are safe. On 
21 November, the agency held a meeting at its 
White Oak campus in Silver Spring, Maryland, 
to get the process started. The meeting was 
well-timed: in May, the FDA approved a robotic 
arm that can be controlled with brain implants. 


| by the first time since accidents severed the 


And the US Defense Advanced Research 
Projects Agency is funding the development of 
prosthetic devices that read brainwaves, as well 
as implants that electrically stimulate organs to 
perform functions such as insulin production. 
At the meeting, researchers discussed their 
progress and challenges, and FDA experts 
talked about the regulatory steps required to 
bring a device to market. The riskiest devices 
are implants that require brain surgery; these 
have been inserted in only a few people under 
controlled laboratory settings. Less-invasive 
devices, such as electrodes that sit on the head, 
or sensors that pick up electrical activity from 
muscles, are further along the developmental 
path. FDA scientists presented some of their 
own research on safety questions, such as how 
long electrodes can safely stay in the brain and 
what happens when they malfunction. 
Researchers have welcomed the agency’s 
willingness to consider broader use of the 
devices, especially given that experiments 
in small laboratory settings seem promising 
— and are important for understanding the 
challenges involved. At the Society for Neuro- 
science meeting in Washington DC this month, 
Klaes and his colleagues presented the first year 
of data from an electrode array implanted in a 
person's posterior parietal cortex, a brain region 
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that controls the intent to perform an action 
rather than its actual execution. Their patient 
has learnt to control avatars in video games and 
uses a brain-controlled arm to play the classic 
hand game rock-paper-scissors. Another 
person, who received a motor-cortex implant 
from the University of Pittsburgh team in 2012 
to control an arm, can now perform tasks such 
as feeding herself". 

But the companies that develop the devices 
are also slightly anxious about the FDAs inter- 
est, because the agency’s requirements for 
safety and effectiveness set a high bar for any 
new device. Utah-based Blackrock Micro- 
systems in Salt Lake City, which manufactures 
the electrode arrays being used by the Caltech 
and Pittsburgh groups, is opening a branch 
this week in Hanover, Germany, partly because 
regulations there are less stringent. “We need 
some clear guidelines, even at the engineer- 
ing phase,’ says chief financial officer Marcus 
Gerhardt. The company sometimes hesitates 
over developing new devices if it thinks that the 
FDA will not approve them, he says. 

Regulations aside, companies are still weigh- 
ing up the advantages of certain devices, such 
as implants in the somatosensory cortex, 
which enable a patient to register sensations. 
Klaes says that the somatosensory implants 
work well in monkeys, allowing the animals to 
rummage through a “handbag” to find sensory 
targets they cannot see’. 

But the market for brain-connected 
prosthetics is very small: people who have lost 
control over much or all of their bodies are 
few and far between. For those who have had 
amputations — a much larger population — a 
prosthetic arm with no direct connection to 
the brain is much easier to control, and often 
sufficient. 

And brain implants might not always be 
necessary for delivering sensory signals from a 
prosthesis. In October, neural engineer Dustin 

Tyler at Case Western 


“We need some Reserve University 
clear guidelines, in Cleveland, Ohio, 
even at the described a hand 
engineering prosthesis that stimu- 
phase.” lates nerves in an arm 

stump at different fre- 


quencies to simulate different textures’. 

Even if the FDA approves the devices, health 
insurers must be convinced that they are nec- 
essary — and agree to pay for them — before 
it makes business sense for firms to manufac- 
ture them. And the FDA has to be sure that 
the functional improvement outweighs safety 
concerns. “From the patient's point of view, of 
course, they would like to have their own arm,” 
says Kip Ludwig, a programme director at the 
National Institute of Neurological Disorders 
and Stroke in Bethesda, Maryland. “But that’s 
along way away.’ m 
1. Collinger, J. L. et a/. Lancet 381, 557-564 (2013). 


2. Klaes, C. etal. J. Neural Eng. 11, 056024 (2014). 
3. Tan, D. W. et al. Sci. Transi. Med. 6, 257ra138 (2014). 
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Clinical-trial rules to 
improve access to results 


Agencies propose expanded reporting of drug -test data. 


BY SARA REARDON 


r | The US website ClinicalTrials.gov is the 
world’s largest repository of clinical- 
trial information, containing the results 

of more than 179,000 studies conducted in 
187 countries. Yet the database represents only 
a fraction of the trials that are run. Despite US 
laws requiring that results be posted to the 
site, drug companies and academic research- 
ers have found numerous ways to withhold 
data that show that a drug did not work or had 
serious side effects. 

Now regulators are trying to close some 
of these loopholes. On 19 November, the US 
National Institutes of Health (NIH) and the 
Food and Drug Administration (FDA) pro- 
posed regulations that would tighten reporting 
requirements and expand financial penalties 
for violating them. “When a lot of dollars and 
time and volunteers are potentially putting 
themselves in a risk situation, we need to be 
sure the results of that are finding their way 
into view of the public,” NIH director Francis 
Collins said at a press conference to announce 
the regulations. 

Transparency is necessary, he said, to ensure 
that study volunteers can find out what is 
known about a treatment and its side effects 
when deciding whether to participate ina trial. 
Researchers benefit as well, because complete 
reporting of data allows them to build on the 
results and avoid repeating failed experiments. 

But although some bioethicists praise the 
initiative, many worry that the new rules will not 
solve the underlying problem. “In a lot of ways, 
coming up with new regulations is really the 
easy part,’ says Christopher Jones, a physician 
at Rowan University in Camden, New Jersey. 
“The more difficult and more important phase 
is going to be making sure that the new regula- 
tions are enforced fairly and transparently” 
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The proposed rules would broaden a 2007 
law known as the FDA Amendments Act 
(FDAAA), which requires researchers to post 
the results of studies involving FDA-approved 
drugs on ClinicalTrials.gov within 30 days of 
approval. But such results may never be posted 
ifa drug is never approved. One new proposal 
from the government would require compa- 
nies to post results 
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says Jones. “Industry 
in general is pretty 
good at following 
regulations as long as regulations are clearly 
stated and enforced.” 

But Jennifer Miller, a bioethicist at Duke 
University in Durham, North Carolina, says that 
the majority of trial sponsors are not following 
the current law. Data she has compiled compar- 
ing the number of trials registered with the FDA 
to those reported on ClinicalTrials.gov suggest 
that many are not reported, even for drugs that 
have been approved. The FDA can levy a fine 
of US$10,000 a day for noncompliance, but has 
never done so. “If you were going to expand 
or enhance FDAAA, you would think there 
would be considerations around monitoring 
and enforcement of the existing law,’ Miller says. 


trialis.” 


PHASE TWO 

A second proposal released by the government 
this week would go a step further by requiring 
federally funded researchers to post the results 
of phase I clinical trials, which focus on the 
safety of a drug or device rather than its effi- 
cacy. Researchers would also have to register 
and report the results of studies that evaluate 
surgical techniques or non-medical interven- 
tions, such as public-policy changes intended 
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to curb smoking. The NIH says that it plans to 
enforce this rule among its own researchers, 
and could withdraw funding from external 
institutions that do not comply. The agency 
would first try to resolve the problem with an 
institution before taking this step, says Sally 
Rockey, NIH deputy director for extramural 
research. 

“I think there’s a lot of good here,’ says 
Kay Dickersin, director of the Center for Clini- 
cal Trials at Johns Hopkins Bloomberg School 
of Public Health in Baltimore, Maryland. “This 
shows a much broader understanding of what 
a clinical trial is.” Still, she and Jones say that 
they wish that studies sponsored by industry 
and private sources were also required to report 
results of phase I trials. Pharmaceutical com- 
panies often guard these results, because they 
can contain proprietary information. Jones says 
that even if a drug never makes it to market, 
revealing the results of early safety tests could 
save time and money for researchers trying to 
develop similar therapies in the future. 

Dickersin worries that it will still be hard to 
find information about unwanted side effects 
and other adverse events under the proposed 
regulations. Trial sponsors are required 
only to report summary data about volun- 
teers’ reactions to a drug, not each person’s 
results. But data on individuals allows outside 
researchers to do independent analyses that 
may yield different conclusions (M. A. Rodgers 
et al. Br. Med. J. 346, £3981; 2013). 

This may change, says Kathy Hudson, dep- 
uty director for science, outreach and policy 
at the NIH. The US Institute of Medicine is 
working on a report weighing the downsides 
of summaries against other concerns such as 
volunteers’ privacy. That report is expected to 
be released in early 2015. For now, the public 
has 90 days to comment on the proposed clin- 
ical-trial regulations before they become law. m 
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Confusion over open-data rules 


The Public Library of Science’s pioneering open- data mandate has prompted scientists to 
share more data online, but not everyone is complying with the regulation. 


BY RICHARD VAN NOORDEN 


he mantra of the nascent open-data 
| movement — that scientists should 
share online all data underlying their 
findings — sounds simple. But it can be tough 
to achieve in practice. An informal audit of 
one of the movement's biggest proponents, 
the Public Library of Science (PLOS), shows 
that not everyone is complying with the pub- 
lisher’s pioneering open-data mandate, and 
hints at the challenges that journals can face 
in enforcing open-data goals. 

The idea that the progress of research will be 
accelerated if others can easily and freely build 
on data sets is gaining currency. Last week the 
Bill & Melinda Gates Foundation in Seattle, 
Washington, announced that it would demand 
open data of the researchers it funds. 

But whereas some research communi- 
ties, such as geneticists and crystallogra- 
phers, have long-established norms of open 
data, most funders and publishers (including 
Nature), mindful of researcher autonomy, 
merely exhort scientists to make their data 
open. Many surveys have found that scien- 
tists are worried about being scooped on 
future projects, or argue that they have signed 
agreements not to share their data. 

So it was a step-change when in March 
PLOS made it a requirement that authors who 
publish in its journals share online all the data 
necessary to reproduce their studies. It was not 
the first publisher to convert encouragement 
into a mandate, but it was the largest. 

The new policy piqued the curiosity of Tim 
Vines, managing editor of Molecular Ecology, 
one of the few journals apart from the PLOS 
family with an open- 


data mandate. Vines “A complete 
and his colleagues culture shift will 
published a survey befurtherdown 


on the effectiveness 
of different open- 
data mandates in early 2013 (T. H. Vines et 
al. FASEB J. 27, 1304-1308; 2013), focusing 
on a subset of evolutionary biology papers 
that all used a free software package called 
STRUCTURE to map the genetic structure of 
populations on the basis of DNA profiling of 
individuals. 

That study included 51 PLoS ONE papers, 
and found that just 6 of them had shared the 
data that went into the STRUCTURE study. 
Ina new analysis, Vines found 20 papers that 


the line.” 


FREE THE DATA 


In 2014, open-access publisher PLOS introduced a 
requirement that authors who publish in its 
journals make their underlying data freely available 
online. An informal audit of one type of population 
genetics study in one journal, PLoS ONE, shows 
that not everyone is complying — but the mandate 
is still a boon for the open-data movement. 


2011-12, when PLOS 
encouraged open data 


Full underlying 
data accompany 
publication 


6 (12%) 


PAPERS 
CHECKED 


Insufficient 5] 
data to 
replicate 
findings 
45 (88%) 


Since March 2014, after 
open-data mandate in place 


Full underlying 
data accompany 
publication 


8 (40%) 


PAPERS 
CHECKED 


Insufficient 
data to 
replicate 
findings 
12 (60%) 


mentioned STRUCTURE and had been pub- 
lished since March 2014 — including one that 
tracked different varieties of cotton plants in the 
Caribbean, and another that compared different 
populations of a particular sparrow across the 
southern United States. Eight of the new studies 
(40%) had shared the genotype data — meaning 
that a reader would be able to repeat their analy- 
sis. The remaining 60% of papers had not made 
their data available, even though each stated that 
“all data underlying the findings are fully avail- 
able without restriction’, in accordance with 
PLOS's policy (see ‘Free the data’). 

Because the open-data mandate is new, and 
PLoS ONE publishes so many papers, some 
manuscripts do get published without all their 
data being made available, says the journal's 
editorial director Damian Pattinson. PLoS ONE 
does perform internal checks for some data 
types, but in this case it would have been the 
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job of external peer reviewers to check whether 
appropriate underlying data were available, he 
says. And although PLoS ONE was grateful for 
their help, “there is a learning curve here for all 
involved to understand what the data-sharing 
standards are for all disciplines and data types”. 
He adds that once someone complains, the jour- 
nal has a system for investigating papers that do 
not comply with its open-data requirement. 

The research teams in question, nine of 
whom responded to the Nature news team’s 
request for an explanation, provide an insight 
into why data sharing does not always hap- 
pen in the first place (full data are available at 
go. nature.com/8ggob6). Some had forgotten 
to upload their data and promptly rectified the 
fault. Four teams said that the journal's editors 
and referees had never asked them to share the 
underlying genetics data, suggesting confusion 
over what the policy means. 

Others aired wider — and common — objec- 
tions to online data sharing. Even though they 
had chosen to publish with PLOS, some authors 
said that they wanted to hold back their data for 
future studies, or did not want to share the raw 
data unless they knew future users’ intent. 

Steve Simpson at the University of Exeter, 
UK, who reported work on Omani clownfish, 
said he was happy to share raw data privately 
with potential collaborators, but not to upload 
results from 400 individual fish that had taken 
great effort to collect. “The study is described 
so that it could be replicated by another expe- 
ditionary team who were willing to dive across 
Oman collecting rare fish under several hard- 
earned licences,” he wrote. 

“There is a lot of inconsistency among 
fields as to what data are shared,’ said another 
researcher, Sabrina Taylor at Louisiana State 
University in Baton Rouge, who conducted 
the sparrow study. She had not uploaded her 
genetics data because, she said, she was not 
aware of a public data repository for it. 

Vines is optimistic about the prospects for 
open data. The PLOS mandate means the situ- 
ation is “already better than it was’, he says. “At 
its core, the problem is author education’, he 
adds. Even at Molecular Ecology, which has been 
enforcing an open-data policy since 2011, “we 
still have to ask for additional data sets for about 
half of papers at the acceptance stage”. 

It will take time to make PLOS’s policy clear 
and easy to comply with across all scientific 
fields, says Pattinson. “A complete culture shift 
will be further down the line.” = 
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Tortoises at the Charles Darwin Research Station on Santa Cruz in the Galapagos Islands. 


Key Galapagos research 
Station in trouble 


Local government’s closure of gift shop could doom 


Charles Darwin Foundation. 


BY ALESZU BAJAK 


Darwin Foundation (CDF) has sup- 
ported a thriving research station in 
Ecuador's Galapagos Islands. Scientists at the 
station have helped to bring the iconic Galapa- 
gos tortoise back from the brink of extinction 
and to eradicate invasive goats from Isabela, 
the largest island in the Galapagos archipelago. 
But that long legacy is being threatened by 
a spat with the local government, which could 
force the Charles Darwin Research Station to 
close. In July, officials on Santa Cruz island 
ordered the CDF to shut its lucrative gift shop 
in the town of Puerto Ayora, citing complaints 
from restaurateurs and shop owners who said 
that the store was siphoning away their busi- 
ness. That has deprived the foundation of at 
least US$8,000 per week in income; total losses 
could reach $200,000 if the shop remains closed 
for the rest of the year, the foundation says. 
“The closure of the store basically ruined 
our 2014 budget,’ says CDF president Dennis 
Geist, a volcanologist who has studied Galapa- 
gos sites for 30 years. “We have no endowment. 
We dont even have any reserve funds. The 
closing of the Darwin station is a very realistic 
possibility right now.” 
On 24 November, the CDF’s governing body 
met in Quito, Ecuador. Its voting members, 
who include employees of the Ecuadorian 


2 or more than half a century, the Charles 


federal government, agreed to form a working 
group “to strategically secure the operation of 
the research station”. 

But the financial troubles are already affect- 
ing operations at the station, which employs 
around 65 people and works with more than 
100 international scientific collaborators. 
Although the gift shop provides just 10% of 
the foundation's revenue, its closure has had 
cascading effects, says CDF executive director 
Swen Lorenz. “We have already lost a signifi- 
cant donation from someone who said that if 
the government of Ecuador doesn't support us 
having a souvenir shop, then he wont support 
us with a donation,” he says. “We're two anda 
half months late with salary, projects haven't 
been running, and we've had one staff mem- 
ber leave.” 

Alex Hearn, director of conservation science 
at the Turtle Island Restoration Network, an 
environmental advocacy group based in 
Olema, California, says that the closure of 
Darwin station would bea major blow. Nearly 
every scientist who has worked in the Galapa- 
gos has dealt either directly or indirectly with 
the CDE, says Hearn, who coordinated fisher- 
ies research at the station from 2002 to 2008. 

He still works closely with scientists there on 
fisheries and shark research. “I don’t have to 
jump ona plane every time I need some data,” 
he says. “I know the research can be done, and 
done well” = 


27 NOVEMBER 2014 | VOL 515 | NATURE | 479 


© 2014 Macmillan Publishers Limited. All rights reserved 


| NEWS FEATURE 


Tit PEER-REVIEW SCAM 


BY CAT FERGUSON, ADAM MARCUS AND IVAN ORANSKY 
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ost journal editors know how much effort 

it takes to persuade busy researchers 

to review a paper. That is why the edi- 

tor of The Journal of Enzyme Inhibition 

and Medicinal Chemistry was puzzled by the 

reviews for manuscripts by one author — 

Hyung-In Moon, a medicinal-plant researcher 

then at Dongguk University in Gyeongju, 
South Korea. 

The reviews themselves were not remarkable: 

mostly favourable, with some suggestions about 
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how to improve the papers. What was unusual 
was how quickly they were completed — often 
within 24 hours. The turnaround was a little too 
fast, and Claudiu Supuran, the journal's editor- 
in-chief, started to become suspicious. 

In 2012, he confronted Moon, who read- 
ily admitted that the reviews had come in so 
quickly because he had written many of them 
himself. The deception had not been hard to 
set up. Supuran’s journal and several others 
published by Informa Healthcare in London 


ILLUSTRATION BY DALE EDWIN MURRAY 


invite authors to suggest potential reviewers for 
their papers. So Moon provided names, some- 
times of real scientists and sometimes pseudo- 
nyms, often with bogus e-mail addresses that 
would go directly to him or his colleagues. His 
confession led to the retraction of 28 papers by 
several Informa journals, and the resignation 
of an editor. 

Moon's was not an isolated case. In the past 
2 years, journals have been forced to retract 
more than 110 papers in at least 6 instances 
of peer-review rigging. What all these 
cases had in common was that researchers 
exploited vulnerabilities in the publishers’ 
computerized systems to dupe editors into 
accepting manuscripts, often by doing their 
own reviews. The cases involved publish- 
ing behemoths Elsevier, Springer, Taylor & 
Francis, SAGE and Wiley, as well as Informa, 
and they exploited security flaws that — in 
at least one of the systems — could make 
researchers vulnerable to even more serious 
identity theft. “For a piece of software that’s 
used by hundreds of thousands of academics 
worldwide, it really is appalling,” says Mark 
Dingemanse, a linguist at the Max Planck 
Institute for Psycholinguistics in Nijmegen, 
the Netherlands, who has used some of these 
programs to publish and review papers. 

But even the most secure software could be 
compromised. That is why some observers 
argue for changes to the way that editors assign 
papers to reviewers, particularly to end the 
use of reviewers suggested by a manuscript’s 
authors. Even Moon, who accepts the sole 
blame for nominating himself and his friends 
to review his papers, argues that editors should 
police the system against people like him. “Of 
course authors will ask for their friends,” he 
said in August 2012, “but editors are supposed 
to check they are not from the same institution 
or co-authors on previous papers.’ 


PEER-REVIEW RING 

Moons case is by no means the most spectacu- 
lar instance of peer-review rigging in recent 
years. That honour goes to a case that came 
to light in May 2013, when Ali Nayfeh, then 
editor-in-chief of the Journal of Vibration 
and Control, received some troubling news. 
An author who had submitted a paper to 
the journal told Nayfeh that he had received 
e-mails about it from two people claiming to 
be reviewers. Reviewers do not normally have 
direct contact with authors, and — strangely — 
the e-mails came from generic-looking Gmail 
accounts rather than from the professional 
institutional accounts that many academics 
use (see ‘Red flags in review). 

Nayfeh alerted SAGE, the company in 
Thousand Oaks, California, that publishes 
the journal. The editors there e-mailed both 
the Gmail addresses provided by the tipster, 
and the institutional addresses of the authors 
whose names had been used, asking for proof 
of identity and a list of their publications. One 


Signs that an author might 
be trying to game 
the system 


A handful of researchers have exploited 
loopholes in peer-review systems to 
ensure that they review their own 
papers. Here are a few signs that 
should raise suspicions. 


The author asks to exclude some 
reviewers, then provides a list of almost 
every scientist in the field. 

The author recommends reviewers 
who are strangely difficult to find online. 

The author provides Gmail, Yahoo or 
other free e-mail addresses to contact 
suggested reviewers, rather than 
e-mail addresses from an academic 
institution. 

Within hours of being requested, the 
reviews come back. They are glowing. 

Even reviewer number three likes 
the paper. 


scientist responded — to say that not only had 
he not sent the e-mail, but he did not even 
work in the field. 

This sparked a 14-month investigation that 
came to involve about 20 people from SAGE's 
editorial, legal and production departments. 
It showed that the Gmail addresses were each 
linked to accounts with Thomson Reuters’ 
ScholarOne, a publication-management sys- 
tem used by SAGE and several other publish- 
ers, including Informa. Editors were able to 
track every paper that the person or people 
behind these accounts had allegedly written 
or reviewed, says SAGE spokesperson Camille 
Gamboa. They also checked the wording 
of reviews, the details of author-nominated 
reviewers, reference lists and the turnaround 
time for reviews (in some cases, only a few 
minutes). This helped the investigators to fer- 
ret out further suspicious-looking accounts; 
they eventually found 130. 

As they worked through the list, SAGE 
investigators realized that authors were both 
reviewing and citing each other at an anoma- 
lous rate. Eventually, 60 articles were found 
to have evidence of peer-review tampering, 
involvement in the citation ring or both. 
“Due to the serious nature of the findings, 
we wanted to ensure we had researched all 
avenues as carefully as possible before con- 
tacting any of the authors and reviewers,’ says 
Gamboa. 

When the dust had settled, it turned out 
that there was one author in the centre of 
the ring: Peter Chen, an engineer then at the 
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National Pingtung University of Education 
(NPUE) in Taiwan, who was a co-author on 
practically all of the papers in question. After 
“a series of unsatisfactory responses” from 
Chen, says Gamboa, SAGE contacted the 
NPUE, which joined the investigation into 
Chen’s work. Chen resigned from his post in 
February 2014. 

In May, Nayfeh resigned over the scandal at 
his journal, and SAGE contacted the authors 
of all 60 affected articles to let them know that 
the papers would be retracted. Chen could 
not be reached for comment for this story, 
but Taiwan's state-run news agency said in 
July that he had issued a statement taking sole 
responsibility for the peer-review and citation 
ring, and admitting to the “indiscreet prac- 
tice” of adding Taiwan's education minister as 
a co-author on five of the papers without his 
knowledge. That minister, Chiang Wei-ling, 
denies any involvement, but nevertheless 
resigned “to uphold his own reputation and 
avoid unnecessary disturbance of the work of 
the education ministry’, according to a public 
statement. 

The collateral damage did not stop there. A 
couple of authors have asked SAGE to recon- 
sider and reinstate their papers, Gamboa says, 
but the publisher’s decision is final — even if 
the authors in question knew nothing of Chen 
or the peer-review ring. 


PASSWORD LOOPHOLE 

Moon and Chen both exploited a feature of 
ScholarOne’s automated processes. When a 
reviewer is invited to read a paper, he or she is 
sent an e-mail with login information. If that 
communication goes to a fake e-mail account, 
the recipient can sign into the system under 
whatever name was initially submitted, with no 
additional identity verification. Jasper Simons, 
vice-president of product and market strategy 
for Thomson Reuters in Charlottesville, Vir- 
ginia, says that ScholarOne is a respected peer- 
review system and that it is the responsibility 
of journals and their editorial teams to invite 
properly qualified reviewers for their papers. 

Nature Publishing Group (NPG) owns a few 
journals that use ScholarOne, but Nature itself 
and Nature-branded journals use different soft- 
ware, developed by eJournalPress of Rockville, 
Maryland. Véronique Kiermer, Nature’s execu- 
tive editor and director of author and reviewer 
services for NPG in New York City, says that 
NPG does not seem to have been the victim of 
any such peer-review-rigging schemes. 

But ScholarOne is not the only publishing 
system with vulnerabilities. Editorial Man- 
ager, built by Aries Systems in North Andover, 
Massachusetts, is used by many societies and 
publishers, including Springer and PLOS. The 
American Association for the Advancement 
of Science in Washington DC uses a system 
developed in-house for its journals Science, 
Science Translational Medicine and Science 
Signaling, but its open-access offering, Science 
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Advances, uses Editorial Manager. Elsevier, 
based in Amsterdam, uses a branded version 
of the same product, called the Elsevier Edito- 
rial System. 

Editorial Manager’s main issue is the way 
it manages passwords. When users forget 
their password, the system sends it to them 
by e-mail, in plain text. For PLOS ONE, it actu- 
ally sends out a password, without prompting, 
whenever it asks a user to sign in, for example 
to review a new manuscript. Most modern 
web services, such as Google, hide passwords 
under layers of encryption to prevent them 
from being intercepted. That is why they 
require users to reset a password if they for- 
get it, often coupled with checking identity in 
other ways. 

Security loopholes can do more than com- 
promise peer review. Because people often 
use the same or similar passwords for many 
of their online activities — including banking 
and shopping — e-mailing out the password 
presents an opportunity for hackers to do more 
than damage the research record. Dingemanse, 
who has published in a number of journals that 
use Editorial Manager, including PLOS ONE, 
says: “It's quite amazing that they haven't got 
around to implementing a safe system.” Nei- 
ther Aries nor PLOS ONE responded to several 
requests for comment. 


SAFETY MEASURES 

Lax password protection has resulted in 
breaches. In 2012, the Elsevier journal Optics 
e Laser Technology retracted 11 papers after 
an unknown party gained access to an editor's 
account and assigned papers to fake reviewer 
accounts. The authors of the retracted papers 
were not implicated in the hack, and were 
offered the chance to resubmit. 

Elsevier has since taken steps to prevent 
reviewer fraud, including implementing a 
pilot programme to consolidate accounts 
across 100 of its journals. The rationale is that 
reducing the number of accounts in its system 
might help to reveal those that are fraudulent, 
says Tom Reller, a spokesperson for Elsevier. 
If it is successful, consolidation will roll out 
to all journals in early 2015. Furthermore, 
passwords are no longer included in most 
e-mails from the editorial system. And to ver- 
ify reviewers identities, the system now inte- 
grates the Open Researcher and Contributor 
ID (ORCID) at various points. ORCID identi- 
fiers, unique numbers assigned to individual 
researchers, are designed to track researchers 
through all of their publications, even if they 
move institutions. 

ScholarOne also allows ORCID integra- 
tion, but it is up to each journal to decide how 
to use it. Gamboa says that not enough scien- 
tists have adopted the system to make it pos- 
sible to require an ORCID for each reviewer. 
And there is another problem: “Unfortu- 
nately, like any online verification system, 
ORCID is also open to the risk of unethical 


manipulation,” says Gamboa — for example, 
through hacking. 

That is acommon refrain. “As you make the 
system more technical and more automated, 
there are more ways to game it,’ says Bruce 
Schneier, a computer-security expert at Har- 
vard Law School’s Berkman Center for Inter- 
net and Society in Cambridge, Massachusetts. 
“There are almost never technical solutions to 
social problems.” 

It ultimately falls to editors and publishers to 
be on the alert, particularly when contacting 
potential reviewers. Carefully checking e-mail 


‘As you make the 
system more technical 
and more automated, 
there are more ways 

to gameit.” 


addresses is one way to ferret out fakes: a non- 
institutional e-mail address such as a free 
account from Gmail is a red flag, say sources. 
But at the same time, it could also bea perfectly 
legitimate address. 

Jigisha Patel, associate editorial director of 
BioMed Central in London, says that it is defi- 
nitely possible to catch cheaters by being on the 
alert for dubious e-mail addresses. “We've had 
some cases where we've caught them tweaking 
the e-mail addresses to try to steal someone's 
identity,’ she says. But such screening is imper- 
fect. In September, the publisher retracted a 
paper in BMC Systems Biology, stating that 
it believed that “the peer-review process was 
compromised and inappropriately influenced 
by the authors”. 

Some scientists and publishers say that jour- 
nals should not allow authors to recommend 
reviewers in the first place. John Loadsman, 
an editor of Anaesthesia and Intensive Care, 
which is published by the Australian Society 
of Anaesthetists in Sydney, calls the practice 
“bizarre” and “completely nuts’, and says that 
his journal does not permit it. 

It is unclear exactly what proportion of jour- 
nals allows the practice, but as fields become 
more specialized it provides an easy way for 
busy editors to find relevant expertise. Jennifer 
Nyborg, a biochemist at Colorado State Uni- 
versity in Fort Collins, says that most of the 
journals to which she submits articles request 
at least five potential reviewers. 

For most of the 60 articles retracted by 
SAGE, the original peer review had used 
only author-nominated reviewers. Despite 
this experience, the Journal of Vibration 
and Control still allows authors to suggest 
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peer reviewers (and provide their contact 
e-mails) when they submit a manuscript — 
although more safeguards are now in place, 
says Gamboa. 

The Committee on Publication Ethics 
(COPE), which serves as a kind of moral 
compass for scientific publishing (but has no 
authority to enforce its advice) has no guid- 
ance on the practice, but urges journals to vet 
reviewers adequately. Good practice is always 
to check the names, addresses and e-mail 
contacts of reviewers, says Natalie Ridgeway, 
operations manager for COPE in London. 
“Editors should never use only the preferred 
reviewer.’ 

NPG journals do allow authors to suggest 
independent reviewers. “But these suggestions 
are not necessarily followed,’ says Kiermer. 
“The editors select reviewers and the selec- 
tion includes checking for the absence of con- 
flict of interests” On the flip side, authors can 
ask an editor to exclude reviewers who they 
believe to have unmanageable conflicts, such 
as competing research. The publisher usually 
honours such requests, as long as authors do 
not ask to exclude more than three people or 
labs, Kiermer says. 

Sometimes, recommending reviewers can 
backfire. Robert Lindsay, one of two editors- 
in-chief of the Springer-published journal 
Osteoporosis International, says that his publi- 
cation allows authors to recommend up to two 
reviewers — but that he often uses this informa- 
tion to rule those reviewers out. This is based on 
past experience, in which he has seen authors 
recommend their own contacts, or worse: “We 
have had family members, folks in the same 
department, postgraduate students being 
supervised by an author,” he says. The journal 
generally uses suggested reviewers — who have 
passed screening — only if it runs into trouble 
finding other scientists to perform the task. 

But screening can be difficult. Usually, edi- 
tors in the United States and Europe know the 
scientific community in those regions well 
enough to catch potential conflicts of interest 
between authors and reviewers. But Lindsay 
says that Western editors can find this harder 
with authors from Asia — “where often none 
of us knows the suggested reviewers”. In these 
cases, the journal insists on at least one inde- 
pendent reviewer, identified and invited by 
the editors. 

In what Lindsay calls the worst case that he 
has seen, an author suggested a reviewer who 
shared her first name but not her surname. 
Some investigation revealed that the surname 
was the author’s maiden name — she was rec- 
ommending that she review her own paper. “I 
don’t think she is going to submit anything to 
us again,” says Lindsay. m 


Cat Ferguson, Adam Marcus and lvan 
Oransky are the staff writer and two 
co-founders, respectively, of Retraction Watch 
in New York City. 


DESPERATELY SEEKING PLUTONIUM 


NASA has 35 kilograms of plutonium-238 to power its 
deep-space missions — but that will not get it very far. 


en Wilson peers through a yellow- 
k tinted window at the clutter of bottles 
and chemical equipment on the other 
side. He is protected from the radiation their 
contents are giving off by five thick panes of 
glass interspersed with some 400 litres of oil. 
Working in such a ‘hot cell’ is routine for 
Wilson, who is one of the top nuclear techni- 
cians here at the Oak Ridge National Labo- 
ratory (ORNL) in Tennessee. Grasping the 
handholds of some robotic manipulator arms, 
he begins to move them like extensions of his 
own lanky frame — first picking up bottles 
inside the cell, then uncapping them and pour- 
ing liquids from one container to another. 
Eventually, Wilson will add the residue 
of all this remote-controlled chemistry to a 
dark-brown liquid that fills two bottles sit- 
ting off in the hot cell’s corner. This liquid is 
a concentrated solution of plutonium-238: a 
highly radioactive isotope that was made here 
at Oak Ridge, and that Wilson is now working 
to purify. Its ultimate destination is deep space, 
where heat from its decay will power NASA 
missions such as future Mars rovers, or space- 
craft heading to the outer Solar System, where 
the Sun’s rays can be too dim for solar panels. 
NASA will be relieved to get this 38D y, 
because it is increasingly anxious about run- 
ning out. The isotope is not found in nature, 
so it has to be made in nuclear reactors. But 


BY ALEXANDRA WITZE 


the main US supply shut down in 1988, when 
the Savannah River Plant near Aiken, South 
Carolina, run by the Department of Energy 
(DOE), stopped making ***Pu as part of a 
nuclear-weapons phase-out. Four years later, 
the DOE began purchasing small amounts of 
the isotope from the Russian government, but 
those acquisitions have also ended. 

Asa result, NASA now has just 35 kilograms 
of plutonium product — a small supply that 
may not match the demand to send missions 
to Mars, the moons of Jupiter and beyond. 
And the crunch got even worse in late 2013, 
when budget constraints led NASA to cancel 
a programme to develop a radioisotope power 
source that would have used one-quarter of the 
plutonium of conventional designs (see Nature 
http://doi.org/w8m; 2013). 

This is why Wilson is doing chemistry in the 
Oak Ridge hot cells. Last year, in a move that 
was unprecedented for both agencies, NASA 
started paying the DOE US$50 million a year 
to reactivate its long-stalled capability for mak- 
ing ***Pu. That isa tall order: the DOE is now 
grappling with having to produce the material 
in facilities that were never set up for it; inter- 
viewing retired plutonium technicians for tips 
on how to manufacture and store the isotope; 
and designing machines and workflows that 
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can accommodate more than a kilogram of 
plutonium per year moving through the system. 

“The plutonium-production business is 
hard to do,’ says Ralph McNutt, a planetary 
scientist at the Johns Hopkins University 
Applied Physics Laboratory in Laurel, Mary- 
land, who is participating in an internal NASA 
study on developing nuclear power for space 
missions. “Everybody took it for granted that it 
was out there and would always be there. Life's 
alittle more complicated than that.” 


HOT ZONE 

The first radioisotope power units were devel- 
oped in the late 1950s and early 1960s by the US 
and Soviet space programmes. (The European 
Space Agency has never developed nuclear 
power sources for missions, a policy that lim- 
ited the operating life of a solar-powered lander 
that visited a comet earlier in November.) The 
United States has used radioisotope power 
units on 27 missions, from a Navy navigation 
satellite launched in 1961 to the Mars Curiosity 
rover in 2011. 

All follow the same basic idea: as the iso- 
tope decays, the radioactivity heats the junc- 
tion between two metals or semiconductors 
(see ‘Power trip’). Thanks to a phenomenon 
known as the thermoelectric effect, this sets up 
an electric current that the spacecraft can use 
to power its instruments, or store ina battery. 


ALEXANDRA WITZE 


A ‘hot cell’ at Oak 
Ridge National 
Laboratory, where 
plutonium is 
processed. 


Smaller radioisotope 
units can also help to 
keep a probe warm in 
the frigid environment 
of space. 

The isotope of choice 
is **Pu, partly because it produces a high 
amount of power per gram of material, and 
partly because of worker safety: it emits only 
a-particles, which are relatively easy to shield 
against. 

NASAs current favoured design for a nuclear 
power source, the Multi-Mission Radioisotope 
Thermoelectric Generator (MMRTG), uses 
4.8 kilograms of plutonium dioxide — a chemi- 
cally stable compound — to provide 2,000 watts 
of heat and 110 watts of electrical power at a 
mission’s start. With a half-life of 87.7 years, 
Pu can produce power for decades. But the 
output fades over time. Project scientists work- 
ing with the Voyager 1 spacecraft, which was 
launched in 1977 and is now more than 19 bil- 
lion kilometres from Earth, have had to turn off 
instruments one by one as the electricity from 
its power units has dwindled. 

With 35 kilograms of plutonium dioxide on 
the shelf, NASA might seem in a good position 
to fuel many future nuclear-powered spacecraft. 
But the stockpile has aged, and less than half of it 
now meets NASA specifications in terms of how 
much heat it produces. Given the long lead time 
in planning planetary missions, and the chal- 
lenges in maintaining the plutonium supply for 
missions not yet even dreamed of, the agency is 
less well-off than it might appear. 

NASA will use about 5 kilograms as a genera- 
tor on the next Mars rover, set to launch in 2020. 
And future missions to the outer Solar System 
could require multiple generators. 

The new contract with the DOE will for the 
first time provide NASA with a steady supply of 
the isotope. The goal is for the DOE to produce 
1.5 kilograms of plutonium dioxide a year by 
2021, which translates to about 1.1 kilograms 
a year of 238), With that small influx, NASA 
should have enough to fuel about two missions 
a decade, says David Schurr, deputy director of 
NASAs planetary-sciences division in Wash- 
ington DC. “We're probably good for the next 
20 years for foreseeable missions,” he says. 


PRODUCTION LINE 

The new **Pu production line starts at the 
Idaho National Laboratory in Idaho Falls, 
where the isotope neptunium-237 is chemi- 
cally extracted from spent nuclear reactor 
fuel (see ‘Fuel cycle’). The neptunium is then 
sent to Oak Ridge, the once-secret city where 
uranium was enriched for the first nuclear 
bombs during the Second World War. Ona 
glorious Appalachian autumn morning, as 
reds and oranges begin to tinge the oak trees 
that give the region its name, it is easy to forget 
this nuclear history. But not for long: the road 
to the laboratory winds past the old uranium- 
enrichment plant and abandoned guard towers 


POWER TRIP 


FEATURE 


Spacecraft exploring the outer Solar System fly far from the Sun, so solar panels provide 
scant power. Missions often get their electricity through the thermoelectric effect, using heat 


from the radioactive decay of plutonium-238. 


A GENERATOR FOR SPACE 


NASA's current standard design for a radioisotope thermoelectric generator (RTG) holds 
4.8 kilograms of plutonium-238 dioxide, and can provide 110 watts of power at launch. 
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Radioisotope generators can keep the instruments on spacecraft going for decades, 
and allow them to travel for billions of kilometres. Twenty seven US misssions have 


used plutonium for energy and heat, including: 


Galileo 


Launch: 1989 
ended: 2003 
779 million krmfrom 

Sun (Jupiter orbit) ~~ 


Cassini 

Launch: 1997 

1.4 billion km from 
Sun (Saturn-orbit) 


Missio 


( 


Pioneer 10 

Launch: 1972 
Communication lost: 2003 
12.3 billion km from Sun 


C or 1 
Launch: 1977 
19.4 billion km 
from Sun 


Launch: 197¥ 
15:Sbillion kn 
from Sun 


Uranus 


New Horizans- 
Launch: 2006 


4.7 billion km from Sun 
Passing Pluto: 2015 


from the 1940s, which stand on either side. 

On the ORNL campus, the *’Np metal from 
Idaho is first pressed into pellets about the size 
and shape of a pencil eraser. The pellets are 
then slid one at a time into long aluminium 
tubes and taken to one of the lab’s most historic 
buildings: the High Flux Isotope Reactor, the 
49-year-old home of the highest neutron flux 
in the Western Hemisphere. 


Irradiations manager Chris Bryan stands 
in an overlook area above what looks like an 
indoor swimming pool, showing off a min- 
iaturized physical model of the reactor core 
assembly. It nestles in a cylinder of beryllium, 
2.4 metres across and studded with dozens 
of holes. Before a typical reactor run, Bryan 
will slide each neptunium-filled tube into 
one of the holes, so that it is fully exposed to 
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the reactor core. “We're trying to squeeze as 
much neptunium into a finite volume as we 
can,’ Bryan explains. Many other nuclear- and 
materials-science experiments compete for the 
same space in the reactor. 

Once the tubes are in place, Bryan will lower 
the whole assembly into the swimming pool, 
where the water will serve as a radiation shield, 
then switch the reactor on for 25 days. Dur- 
ing that time, so many neutrons bombard the 
*’Np that 10-12% of the nuclei in the sam- 
ple absorb one. The result is neptunium-238, 
which quickly decays into **Pu. 

Once this process is complete, the tubes are 
removed and taken next door, using a pro- 
tected rail carriage, to the low-profile building 
where Wilson and his co-workers peer through 
their yellow windows and work their manipu- 
lator arms inside the lab’s hot cells. Their job is 
to dissolve the irradiated pellets in nitric acid, 
then extract and concentrate the plutonium 
into an oxide powder that will eventually go 
into protective drums. 

Finally, a radiation-shielded truck will drive 
the drums to the Los Alamos National Labora- 
tory in New Mexico, where the oxide will be 
pressed into fuel pellets — although the labora- 
tory will first have to replace its old, faltering 
pellet-pressing machine. 

There are many other steps in this elaborate 
sequence. For one thing, Oak Ridge does not 
have enough space in its reactor to transform 
all of the *”Np. Once the neptunium pellets are 
made there, some will be sent to the Idaho lab, 
whose Advanced Test Reactor will help out by 
doing some of the irradiation. Idaho will also 
store some of the finished plutonium pellets 
until they are needed for an MMRITG. 

But for now the main focus remains in Oak 
Ridge. Robert Wham, a chemical engineer 
at the lab, is in charge of working out how to 
safely go from making a couple of test batches 
to churning out plutonium dioxide at the rate of 
1.5 kilograms a year. Wham is the sort of quietly 
confident engineer whose eyes light up when he 
thinks about challenges such as designing an 
automated neptunium pellet-feeder, or picking 
the best length for the tubes to go in the Oak 
Ridge and Idaho reactors. “The people here 
hadn't worked with neptunium before,’ he says. 
“We're starting pretty much from scratch” 

Now the major challenge is figuring out how 
to process all that plutonium in the limited 
number of hot cells at the Oak Ridge lab. Hot- 
cell technicians are in great demand; Wham 
will have to double the number of trained staff 
in the coming years. Already, the cells oper- 
ate 24 hours a day, 7 days a week as the team 
works through test runs. “We're going great 
guns,” Wham says. “Everyone wants to see 
this happen.” 

NASA is also looking at ways to extract more 
power from the plutonium it already has. At its 
Jet Propulsion Laboratory in Pasadena, Cali- 
fornia, materials engineer Jean-Pierre Fleurial 
leads a group that is exploring ways to build 


FUEL CYCL 


1. Idaho National 


4. 

National Labo 
The plutonium d eal 
pressed into pellets, 
ready for use in NASA's 
generators. 


thermocouples, the devices that generate elec- 
tricity from plutonium’s radioactive decay. By 
replacing the lead-based material currently 
used in the thermocouples with a cobalt-anti- 
mony material known as skutterudite, Fleu- 
rial’s team will try to get at least 25% more 
power out of a generator at the beginning of 
its life. And this ‘enhanced MMRTG’ would 
also conserve power over time, which might 
substantially lengthen the lifetime of a space- 
craft. It should be ready by 2022, Fleurial says. 


POWER HUNGRY 

Until last year, NASA was also working hard 
on space-going Stirling engines, which could 
generate as much power as an MMRTG from 
just one-quarter the amount of plutonium. 
Stirling converters work something like high- 
tech steam engines: the heat generated by plu- 
tonium decay drives the expansion of helium 
gas, which in turn moves a set of pistons to 
provide power. Missions enabled by Stirling 
technology might have included a boat to 
sail on the lakes of Saturn’s moon Titan, or 
a ‘comet hopper’ that can manoeuvre to dif- 
ferent places on a comet’s surface. But NASA 
cancelled the programme in November 2013, 
citing cost constraints. 

The decision sparked criticism from plan- 
etary scientists such as Jessica Sunshine at the 
University of Maryland in College Park, who 
is frustrated by what she sees as a lack of long- 
term planning for how to deal with NASA’s 
limited plutonium supply. For example, 
NASA’ latest call for mission proposals — for 
relatively low-cost Discovery-class spacecraft 
— does not even allow the use of radioisotopes 
for anything other than minimal heating of 
instruments. “How are we getting from DOE's 
restarting the programme to NASA’ flying 
something?” she asks in reference to the plu- 
tonium supply. “Where is that path and how 
long is that going to take?” 

Despite the agency’s decision to cancel the 
Stirling programme, a small research effort 
has continued. John Hamley, manager of the 
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Producing plutonium-238 for NASA's space missions will 
involve government laboratories across the United States. 
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Neptunium is irradiated to 
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is then concentrated into 
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radioisotope power systems programme at 
NASAs Glenn Research Center in Cleveland, 
Ohio, and his team have continued studies on 
12 Stirling convertors in various configura- 
tions, which have been running for as long as 
10 years. The aim is to prove that the pistons 
can work reliably for the long periods of time 
needed during an extended space mission. 

All these efforts to conserve plutonium and 
produce more of it may still not be enough 
if NASA needs the isotope to power human 
exploration of space. The agency is now talk- 
ing about sending astronauts to an asteroid 
or beyond, something that will require much 
more power than can be supplied by small 
chunks of **Pu. Whereas a planetary mis- 
sion might require 300-900 watts of power, 
the much larger spacecraft needed for human 
deep-space exploration would require sev- 
eral tens of kilowatts, Schurr says. An inter- 
nal NASA report, due out early next year, has 
been evaluating the needs for nuclear power 
in space. It may well conclude that it needs a 
self-sustaining power source, such as a fission 
reactor, which the United States has not used 
in space since 1965. 

Back at Oak Ridge, Wham is thinking about 
how to make more plutonium, too. He leads 
the way through a narrow plywood-lined 
passageway in another building on the cam- 
pus, which emerges into a cavernous concrete 
hall. The room was constructed for additional 
hot-cell space back in the 1960s, when the 
DOE was considering building nuclear reac- 
tors that run on thorium. Those plans have 
long since been shelved, but the well-shielded 
workspace remains. 

If need be, Wham says that he could fashion 
more hot cells here and make even more plu- 
tonium — and find a use for the room in this 
chapter of atomic history, even ifit did not find 
one in the last. “If they do come to us and want 
more, he says, “we know how to do it?” m 


Alexandra Witze writes for Nature from 
Boulder, Colorado. 
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Sulphur atoms (yellow) ‘dance’ on a copper-layered catalyst under a scanning tunnelling microscope. 


Hasten 
high resolution 


Build precision microscopes to map atoms, say 
Stephen J. Pennycook and Sergei V. Kalinin. 


‘ | vm best electron and scanning probe 
microscopes today can resolve indi- 
vidual atoms and chemical bonds*™*. 

Views of materials such as graphene, cata- 

lysts and oxides on these scales — around 

0.5 angstréms — reveal structures and 

the impacts of crystal defects on their 

properties. 


To truly understand materials’ chemical 
and physical properties, atomic arrange- 
ments need to be mapped with much 
greater precision. Resolutions of 0.1 A— 
the goal set by physicist Richard Feynman 
in his 1959 American Physical Society lec- 
ture, ‘There's Plenty of Room at the Bot- 
tom” — would take us to the physical limit 


of microscope vision, set by the thermal 
vibrations of atoms. Small structural distor- 
tions that determine magnetism, valence 
(the number of chemical bonds an atom 
can form) and spin state would become 
apparent. 

Currently, limits inherent to electron- 
microscope optics restrict us to seeing 
atoms or columns of atoms in two dimen- 
sions. Lens imperfections, electronic insta- 
bilities, thermal noise and environmental 
factors also blur views. Some scientists 
argue that microscopes will never clear 
these hurdles®’. Others feel that because 
there are no materials in which atoms are 
spaced closer than 0.5 A, greater resolution 
is not worth chasing. 

We disagree. Keener microscopes are 
needed urgently to solve major world 
problems: solar, battery and fuel cells, 
computer memory chips and solid-state 
lighting all need to be more efficient. 
Three-dimensional (3D) maps of atoms 
would reveal how their interactions enable 
or limit functionality and, importantly, how 
materials can be improved. 

Within a few years, at relatively low cost, 
researchers could improve microscope reso- 
lutions to 0.2 A by honing aberration-correc- 
tor designs that are already available®. Stability 
could be improved through judicious tweaks 
to microscopes, materials, optics and elec- 
tronics, and by reducing ambient noise. The 
main barrier is commercial — companies that 
build microscopes do not invest in specialist 
technologies if demand, and thus financial 
return, is expected to be low. 

Three things are needed to accelerate 
microscope technology development: part- 
nerships between academia and industry; 
government seed funds; and centres of 
excellence to develop computing power, data 
storage and analytical techniques. 


CLEAR VISION 

Exceeding atomic resolution is crucial for 
understanding important classes of materi- 
als such as superconductors, magnets and 
catalysts. It is often the small deviations 
from symmetry in atom positions that 
allow materials to store charge, information 
or energy — for example, in ferroelectric 
oxides used in computer memory chips or 
electrocatalytic oxides used in solid fuel 
cells. The complex atomic arrangements > 
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> of nanophase metals, ceramics, alloys, 
solar cells, batteries and different types of 
glass have yet to be probed. 

Interfaces between different materi- 
als — such as magnet-superconductor or 
oxide-oxide junctions — might exhibit 
properties such as electrical conductivity, 
chemical reactivity, superconductivity and 
ferromagnetism that are not found in their 
separate constituents. More-exact measure- 
ments of bond lengths and angles, ideally in 
three dimensions, are needed to hone mat- 
erials for use in next-generation energy and 
information-technology devices. 

Aberrations are inherent in electron 
lenses, which use magnetic fields and which, 
unlike glass lenses, cannot be shaped to arbi- 
trary curvature. As in a camera, opening the 
aperture reduces the depth of field but also 
increases depth resolution. At today’s prac- 
tical resolution limit of 0.5 A, the limited 
apertures available restrict depth resolution 
to the nanometre scale, which is too coarse 
to discern individual atoms. 

Lateral resolution at Feynman level would 
allow us to distinguish atoms vertically. No 
longer would specimens need to be aligned to 
their internal crystal planes. One image would 
reveal a cross-section. A series of images 
taken using different foci would build up a3D 
scan. Seeing atomic positions in three dimen- 
sions could distinguish between competing 
theories for a material's behaviour. 

Such scans, like today’s imagery, would 
have to be limited so that the sample is not 
destroyed by the electron beam. And biolo- 
gists will have to take 


images using shorter, — « Exceeding 
lower-current scans afoiaie 

than can be used for ae 
materials. Research- resolu fonts 
ers will need to learn crucial fe ad r 
new tricks, but the understanding 
pay-off would be umportant 
huge. As resolu- classes of 


2 »” 
tion improves, noise materials. 


reduces, and we will 
be able to scan faster and monitor how 
things change with time. 

Other types of microscopy would also be 
improved with higher resolution. Electron 
energy loss spectroscopy (EELS) would ben- 
efit from 3D capability to reveal elements, 
chemical valence and energy band levels at 
the same time as atomic structure. 

In scanning probe microscopy (SPM), 
an image forms as a result of interaction 
between a sharp probe tip and the sample 
surface. Measuring the current between 
the two, as in scanning tunnelling micro- 
scopy, or the minute forces, as in atomic 
force microscopy, traces the structure of the 
surface. Although the maximum resolution 
achievable is limited by the fundamental 
physics of tip-surface interactions, new 
low-noise systems will allow mapping of 
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A scanning transmission image reveals a silicon 
atom ina layer of graphene. 


displacements of surface atoms and changes 
in bond lengths to less than 10 picometres. 

By probing electronic, phonon (vibrations 
ina lattice) and spin responses with SPM, we 
will better understand the factors that con- 
trol the ferroelectric, magnetic and supercon- 
ductive functions of materials. By tuning the 
force and current applied through the probe 
tip, atoms and molecules could be manipu- 
lated and their chemical and electrochemical 
responses explored away from equilibrium. 

Improved energy resolution would ena- 
ble physicists to map energy band gaps and 
phonons in materials for solid-state lighting, 
thermoelectrics and solar cells using EELS’. 
This resolution could be achieved using 
advanced electron optics such as mono- 
chromators that narrow the energy spread 
of the electron beam from today’s 300 milli- 
electronvolts to 10 millielectronvolts or less. 
SPM provides information on local super- 
conductivity, energy band gap and molecu- 
lar vibrations or phonon structure. 

For electron and scanning-probe micro- 
scopy, additional signals, such as emitted 
light or electronic current, could be col- 
lected simultaneously. From this, one could 
test whether particular lattice defects kill or 
enhance the effectiveness of solid-state light- 
ing or solar cells, how a molecule interacts 
with the substrate, or how local polarization 
gradients affect oxidation states and mag- 
netic properties in ferroelectrics and polar 
materials. 


PUSHING AHEAD 

To achieve Feynman's goal, microscope 
optics and electronic and mechanical stabil- 
ity must be improved. We need new designs 
for correctors with larger apertures. 

A main problem is a lack of aware- 
ness among scientists of how much can 
be gained from even higher-resolution 
microscopy. With aberration correctors 
selling well (hundreds each year), there 
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is little incentive for manufacturers to 
develop new capabilities. The low-noise 
scanning probe microscopes used for 
cutting-edge studies are largely lab-built. 

Significant further investment will 
be necessary to deliver a factor-of-two 
improvement in spatial resolution in elec- 
tron microscopes within five years, just as 
multimillion-dollar government-funded 
projects in the United States and Japan have 
led to the previous factor-of-two resolution 
increase in the past decade. As was the case 
with today’s aberration-corrected machines, 
the new state-of-the-art microscopes would 
soon become available, at a probable cost of 
between US$5 million and $10 million each. 

One of the pathways to achieving this goal 
is through community-wide workshops 
to construct a road map for instrumental 
developments and identify scientific oppor- 
tunities. The crucial transition from taking 
images to acquiring detailed information 
on atomic positions, bond lengths and local 
functionalities will require new methodolo- 
gies. Large, multi-dimensional data sets will 
pose challenges for data collection, storage 
and analysis. New approaches will be needed 
for extracting relevant knowledge and link- 
ing it to theory. 

The scientific community should set up 
centres to host and coordinate the high- 
power computing services needed to sup- 
port high-resolution microscopy. Shared 
online environments will foster collective 
interpretation. By pooling data, fewer experi- 
ments would have to be repeated, providing 
the experimental counterpart to other pro- 
grammes sharing analytical tools, such as the 
$100-million US Materials Genome Initiative. 

To paraphrase Feynman: there’ still plenty 
to see at the bottom. = 
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A decommissioned missile in a silo at the Titan Missile Museum in Green Valley, Arizona. 


MILITARY SCIENCE 


Scientific spoils of war 


Ann Finkbeiner examines two books on the cold war’s ethical and material legacies. 


ar is good for science. Countries 
require their defence industries 
to invent military technologies, 


which are often based on science, sending 
money to researchers. So how does this 
intersection affect the course of research? 
Two books discuss the extent to which 
scientists change — or must change — what 
they do in response to national emergencies. 
The cold war is an excellent case study. It 
saw the continuation of the extraordinary 
development of nuclear weapons, ballistic 
missiles and radar begun during the Second 
World War. Science and Technology in the 
Global Cold War, an essay collection edited by 
science historians Naomi Oreskes and John 
Krige, addresses the question: were scientists 
guided by curiosity, or did national funding 
redirect them towards military technological 
applications? Its answer: although redirection 
is inevitable and powerful, so is curiosity. 
The balance differed from field to field and 
place to place. China and the Soviet Union 
erased the distinction between pure and 
applied science and directed their research- 
ers towards national priorities — an isolated 
self-reliance in China, and big industry in the 
Soviet Union. In China, horse breeding was 
given the status of scientific experimenta- 
tion; in the Soviet Union the Sputnik satel- 
lite, launched in 1957, was deemed “Soviet 
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science”. But the balance never stayed put. 
Chinese researchers and students looked 
towards international science: between 
around 1980 and 2000, at least 10,000 went 
abroad to work and study. Soviet nuclear 
scientists outmanoeuvred the state and, by 
relabelling pure science as applied, succeeded 
in creating a reactor design based more on 
technical feasibility than on cheapness. 

The West experienced a similar shifting 
balance. The US response to Sputnik led 
to NASA’s Apollo human-spaceflight pro- 
gramme, but as that project slowly ground 
down, NASA adopted its technologies for the 
Mission to Planet Earth observation system, 
which gathered data for climate scientists. 
Radar, developed by Britain and the United 
States to track aircraft and missiles, was used 
in the 1960s by US physicist Irwin Shapiro 
to test Einstein’s general theory of relativ- 
ity. A cold war US surveillance system that 


used underwater sound recordings to trace 
the movements of submarines was recycled 
around the year 2000 by scientists at the 
Scripps Institution of Oceanography in San 
Diego, California, to map ocean temperatures 
and global warming. If national priorities 
bend science towards application, scientists 
bend it back towards pure research. 

Written mostly by historians of science, 
Science and Technology in the Global Cold 
War is an academic conversation with no 
grand conclusions. But one commonality that 
emerges, writes Krige, is that “he who paid 
the piper didn't so much call the tune as pro- 
vide the instruments, the hardware, and the 
logistical support”. Changing the metaphor, 
national attempts to direct science look like 
a magnetic field aligning iron filings — until 
the filings go offon their own in all directions. 

Unmaking the Bomb presents a more com- 
plex relationship between scientists and war, 
arguing that researchers tasked with creat- 
ing extraordinarily lethal applications have 
a responsibility to control them. Specifically, 
the authors — physicists and nuclear-policy 
experts Harold Feiveson, Alexander Glaser, 
Zia Mian and Frank von Hippel — present 
the case for controlling the materials that 
make a nuclear bomb nuclear. 

National mandates drove the nuclear 
bombs development during the 1940s. By > 
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> the peak of the cold war, 10 countries 
— including the United States, the Soviet 
Union, Britain and China — had built 
65,000 nuclear warheads. But before the 
first bomb had been built, nuclear sci- 
entists had been lobbying politicians to 
change the mandate from building nuclear 
weapons to controlling them. The lobby- 
ing, partly through avenues such as the 
Pugwash Conferences on Science and 
World Affairs, was fairly successful: the 
number of nuclear weapons in those 
10 countries has fallen to around 17,000. 

But the fuel — fissionable plutonium 
or uranium enriched in a rare isotope of 
uranium — is still with us. Neither occurs 
naturally, so bomb-builders manufactured 
them. At the end of the Second World War, 
100 kilograms of weapons-grade material 
had been made; now, it is 1,900 tonnes, 
enough for 100,000 bombs. As the authors 
show, material from dismantled bombs 
can be downblended to a less fissionable 
form and stored or used in power plants, 
but it cannot be destroyed, and it remains 
available for nuclear weapons or for low- 
tech radiological weapons. In 1945, only 
the United States could build a nuclear 
warhead; now, 35-40 countries can, and 
the margin of security is “too slim for com- 
fort’, says a former director-general of the 
International Atomic Energy Agency. 

Feiveson, Glaser, Mian and von Hip- 
pel convincingly argue that this problem 
demands a real and immediate solu- 
tion. Along with the history of nuclear 
weapons, they cover attempts to con- 
trol the weapons’ spread, including the 
1970 Treaty on the Non-Proliferation of 
Nuclear Weapons; the physics and tech- 
nology of producing, downblending and 
storing fuel; and the complexities of con- 
vincing nations to agree to be supervised 
and controlled by an international agency. 

The authors’ suggested long-term pol- 
icy is to reduce the amount of fissionable 
material in military and civilian stock- 
piles, and to regulate it “as if the world is 
preparing for complete nuclear disarma- 
ment”. Countries should stop hiding the 
sizes of their stockpiles, the authors write, 
and stop manufacturing weapons-grade 
uranium and plutonium; they should also 
downgrade or bury all fissionable mat- 
erial, even if they must give up nuclear 
energy. Finally, they should agree to 
international verification of declarations 
about weapons production — even if that 
means relying on nuclear scientists rather 
than politicians to tell the truth. m 


Ann Finkbeiner is a freelance science 
writer in Baltimore, Maryland, who often 
covers scientists advising governments. 
She blogs at The Last Word on Nothing, 
www.lastwordonnothing.com. 


490 | NATURE | VOL 515 | 27 NOVEMB 


ORNITHOLOGY 


Fowl domination 


Ewen Callaway relishes a study tracing the chicken’s 
eventful march from Asian jungles to global ubiquity. 


he chicken is the Swiss army knife 
Te livestock. Since its domestication 

in Southeast Asia as early as 18,000 
years ago, the bird has been religious sacri- 
fice, pet, research subject, fighting machine 
and, of course, dinner. The Victorians paid 
enormous sums for exotic breeds, and in the 
1960s, NASA imagined the birds feeding 
Martian colonies. Around 20 billion are alive 
at any one time, bred to meet global demand. 
Science journalist Adrian Lawler explores the 
chicken’s multipronged place in human civili- 
zation in his rip-roaring, erudite Why did the 
Chicken Cross the World? 

Genome data and resemblance have 
pinpointed the red jungle fowl Gallus gallus 
— a furtive bird that roams the subtropical 
forests of southern Asia — as the wild ances- 
tor of Gallus gallus domesticus. The birds 
are considered one species, because unions 
between them still produce fertile offspring. 
A few thousand years of separation is an evo- 
lutionary blink of the eye, too brief to create 
reproductive barriers. 

Scientific efforts to unpick the origins of the 
domestic chicken are muddied by the fact that 
few, if any, living red jungle fowl are free of the 
genetic vestiges of their ancestors’ romps with 
domestic chickens. The last purebred jungle 
fowl on Earth may reside, as Lawler shows, 
ona farm in the northeast of the US state of 
Georgia, rather than in a forest in Malaysia. 

That is down to ornithologist Gardiner 
Bump. In the 1950s and 1960s, faced with 
a shortage of game birds in the US south- 
east, Bump set out to populate forests with 
imported wild red jungle fowl. He paid 
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—— trappers to collect eggs 
— the more remote 
the better, because he 
wanted purebred birds 
— and deliver them 
to US hatcheries. The 
birds never thrived, 
and the US govern- 
ment pulled the plug 
on the programme in 
1970. Descendants of 
Bumps birds survive in 


Why Did the 
Chicken Cross 
the World?: The 


Epic Saga of the a handful of flocks. An 
Sr a evolutionary geneti- 
ANDREW LAWLER cist has sampled their 
Atria: 2014. blood, in the hope of 


discovering what truly 
sets chickens apart from their wild forebears. 
From their initial domestication, Lawler 
traces the chickens’ journey to Mesopotamia 
and ancient Egypt, where the earliest known 
depiction of the bird was made, and then on 
to Polynesia and South America, where DNA 
from ancient chicken bones offers conten- 
tious evidence for a pre-Columbian trans- 
Pacific chicken trade. The author does not 
dwell on such controversy for long. For much 
of the book, science has a supporting role to 
history, ethnography and even advocacy. 
Lawler’s discussion of cockfighting is 
among the book’s most compelling material. 
In ancient Greece, Babylon and China, pit- 
ting roosters against each other was embed- 
ded in religious practice. Now mostly illegal, 
it still thrives in parts of South America and 
Asia, especially the Philippines, as Lawler 
demonstrates with a harrowing dispatch 
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from the World Slasher Cup in Manila. He 
shows cockfighting as the brutal pastime 
it is, while recognizing it as an important 
chapter in human-chicken relations. 
Chicken’s mealtime ubiquity dates from 
the twentieth century. African Americans 
and Jewish immigrants brought the bird 
into US cities, and farmers who had once 


‘ viewed chicken-keeping as women’s work 


survived the Great Depression thanks 
to income from the birds. But wartime 
rationing of other meat put chicken on 
every plate. First held in 1948, the US 
Chicken of Tomorrow contest was con- 
ceived by supermarket chain A&P (and 
later sponsored by the US Department of 
Agriculture) to improve the efficiency of 
poultry production and expand the fledg- 
ling market. Before the contest, chickens 
bred for meat took 70 days to reach an 
average of 1.4 kilograms. Modern birds 
take 47 days to reach 2.6 kilograms, and 
they convert feed to meat 50% more effi- 
ciently (although many spend their lives 
in chronic pain because of the extra body 
mass). US chicken consumption is now 
four times what it was before the contest. 

Readers of Michael Pollan’s The Omni- 
vores Dilemma (Penguin, 2006) or Chris- 
topher Leonard’s The Meat Racket (Simon 
& Schuster, 2014) will know the rest of the 
story. Leonard used the term “chickeniza- 
tion” to describe the ‘vertical integratio’ 
of meat production developed and per- 
fected by conglomerates such as Tyson 
Foods, whereby farmers have no owner- 
ship or control over the flocks they breed, 
which often number tens of thousands of 
birds. Americans eat more chicken meat 
per capita than any other nation, but the 
rest of the world is catching up. China sur- 
passed the United States in overall chicken 
consumption in 2012. Meanwhile, the 
mass culling of chickens across Asia to 
stop an avian-influenza pandemic shows 
that chicken health is a global concern. 

Lawler is not the first to denounce the 
inhumane treatment of the animals or to 
raise the red flag about bird flu. But his 
perspective as a science reporter gives 
fresh insight into the problems created 
by the ubiquity of chickens — as well as 
possible solutions. Especially compelling 
is the profile of Janice Siegford at Michi- 
gan State University in East Lansing, who 
is studying how to improve the welfare of 
chickens bred for food (‘cage free’ label- 
ling is no guarantee that a chicken does 
not suffer throughout its life). Lawler rec- 
ognizes that modern chickens — perhaps 
unlike genuine red jungle fowl — are here 
to stay. Who knows, maybe they will one 
day make it to Mars. m 


Ewen Callaway writes for Nature from 
London. 
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A climate trance 


Richard Van Noorden considers a technical lecture that 


ultimately fails as theatre. 


ouse lights down. A spotlight picks 
H out a man, seated: climate scientist 
Chris Rapley. “I’m here to talk about 
the future,” he says. Behind him on three 
giant video walls swirl greyscale images of 
tides and seas, and satellite views of Earth. So 
begins 2071, a piece about climate change at 
London's Royal Court Theatre. 
Rapley calmly lays out his credentials. 
Professor of climate science at University 
College London; former director of the 


British Antarctic Survey; former director of 


London's Science Museum. At a measured 
pace, he unfolds what he has seen and what 
scientists have learned, through means such 
as satellites, ocean buoys and ice cores, about 
the crumbling West Antarctic Ice Sheet, sea- 
level rise, the Holocene and Anthropocene 
epochs, and the interactions between litho- 
sphere, biosphere, hydrosphere, cryosphere 
and atmosphere. The grey backing visuals 
break into big, moving white-on-black bar 
charts. 

After 15 minutes, the audience realizes 
that there will be no let-up: 2071 is not a 
play, but an address just over an hour long. 
Rapley is the sole performer. This is a scien- 
tific lecture. 

Global sea-levels are rising by 3.3 mil- 
limetres a year, Rapley says. The ocean is 


Climate scientist Chris Rapley in 2071. 


2071 acidifying. Changes 
WRITTEN BY DUNCAN jn solar radiation are 
MACMILLAN AND not responsible for the 
Crile RAPIEY, observed temperature 
DIRECTED BY KATIE ; P 
MITCHELL rise, because we see 
Royal Court Theatre, that the upper atmos- 
London. phere is not warm- 
5-15 November 2014. ing, but cooling. The 
Lae yates multisyllabic drone 
Schauspielhaus, 


goes on, a flow of data 
lent emotional reso- 
nance only by a tense, 
unsettling soundtrack. 

Rapley and director Katie Mitchell are 
trying, perhaps in response to the histrionic 
climate politics of recent years, to establish a 
quiet, concentrated atmosphere in which to 
lay out the facts. But Rapley’s monochrome 
recital risks sending his viewers into a cli- 
mate trance, eyes glazed over by science. At 
one point, he starts quoting verbatim from 
the latest report of the Intergovernmen- 
tal Panel on Climate Change; his delivery 
hardly changes in tone. The script’s worst 
sin is that it fails even on its own terms. 
Although he sets himself up as bringing 
home scientific truths, Rapley in fact makes 
no effort to convey the human realities of 
acidifying oceans, rising sea levels, or two- 
or four-degree rises in global temperature. 
(The play’s title makes a stab at humanizing 
the proceedings — 2071 is the year when 
Rapley’s eldest grandchild will be the age he 
is now. But it’s an awkward attempt.) 

Mitchell’s critically acclaimed 2012 
play on population, Ten Billion, featured 
another professor, computational scientist 
Stephen Emmott, delivering another talk, 
in a stage recreation of his office. But where 
that was an entertaining polemic (“TI think 
were fucked,’ Emmott concluded), 2071 is 
sober and technical. Despite the scientific 
consensus behind Rapley’s words, it is dif- 
ficult to imagine that it will engage evena 
willing audience. Aiming for authenticity, 
Mitchell and Rapley have missed a chance 
to create a piece of drama that really gets 
under the skin of the issue; one that might 
seamlessly blend instruction and inspira- 
tion. But for those with an appetite for the 
stark facts on climate change, 2071 is just 
the ticket. = 


Hamburg, Germany. 
17-18 December 
2014. 


Richard Van Noorden is a senior reporter 
at Nature. 
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Ebola: models do 
more than forecast 


Your assertion that models of the 
Ebola epidemic have failed to 
project its course misrepresents 
their aims (see Nature 515, 

18; 2014). They helped to 
inspire and inform the strong 
international response that may 
at last be slowing the epidemic 
(see M. FE. C. Gomes et al. PLoS 
Curr. Outbreaks http://doi.org/ 
vvd; 2014). 

Subsequent models assessed 
the likely impact of different 
public-health interventions and 
policy decisions (J. A. Lewnard 
et al. Lancet Infect. Dis. 14, 
1189-1195 (2014) and A. Pandey 
et al. Science http://doi.org/wts; 
2014). As those interventions 
were implemented and as 
people's behaviour changed, 
case counts below the modelled 
baseline were early indicators 
that the response to the outbreak 
was having an effect. 

Epidemics are affected 
by countless variables, so 
uncertainty is a given. Models 
synthesize available information. 
Without them, there is little to 
guide decision-makers during 
an outbreak. Their importance 
goes beyond providing forecasts. 
Caitlin Rivers* Virginia 
Bioinformatics Institute, 

Virginia Tech, Blacksburg, USA. 
cmrivers@vbi.vt.edu 

*On behalf of 24 correspondents 
(see go.nature.com/dfzbde for a 
fulllist). 


Ebola: the power of 
behaviour change 


Without including social, cultural 

and behavioural responses to 

the Ebola epidemic, models 

may overestimate outbreak size 

(Nature 515, 18; 2014). 
Behavioural response, 

triggered by an epidemic, can 

slow down or even stop virus 

transmission (see S. Funk et al. 

Proc. Natl Acad. Sci. USA 106, 

6872-6877; 2009). Indeed, altered 

cultural perception in response 

to the disease enabled people's 


behaviour to change in ways that 
helped to contain outbreaks in 
the past (see B. S. Hewlett and 
R. P. Amola Emerg. Infect. Dis. 9, 
1242-1248; 2003). 

Reports from Foya in Liberia 
indicate that the outbreak 
there is now in decline. A local 
information campaign to change 
funeral practices and other 
behaviours seems to have paid off. 

More aid and more personnel 
are urgently needed, but so is the 
involvement oflocal communities 
and the provision of information 
that can help to contain this 
epidemic. 
Sebastian Funk, Gwenan M. 
Knight London School of Hygiene 
& Tropical Medicine, London, UK. 
Vincent A. A. Jansen Royal 
Holloway University of London, 
Egham, Surrey, UK. 
vincent.jansen@rhul.ac.uk 


Can brain training 
boost cognition? 


Eminent scholars from around 
the world last month signed 
a statement on the ‘brain 
training’ industry (see go.nature. 
com/d2bpuj). They point out 
discrepancies between current 
scientific understanding 
of cognitive enhancement 
and advertising claims for 
commercial cognitive-training 
software. But it should not 
be inferred that software can 
never improve cognition (see 
D. Bavelier et al. Nature Rev. 
Neurosci. 12, 763-768; 2011). 
The effectiveness of ‘brain- 
training’ software may differ, so 
product claims might not always 
be exaggerated. And, given 
that new training programs are 
compared with results from 
control groups engaging in 
other stimulating activities, 
the absence of any effect after 
training can be relative, and 
is not necessarily definitive. 
Cognitive enhancement is a vast 
enterprise that has not yet been 
clearly defined, and finding 
optimal ways to train the brain is 
still a promising area of research. 
David Moreau Princeton 
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University, New Jersey, USA. 
dmoreau@princeton.edu 


Chinese universities: 
beware cronyism 


Jie Zhang rightly points out 

that China's universities need 
high-quality faculty members 

if they are to be competitive 
internationally (Nature 514, 
295-296, 2014). But there are 
risks in giving individual colleges 
and departments more autonomy 
in recruiting staff. 

Excessive recruitment has led 
to bloating and inefficiency in 
some Chinese universities, which 
might be exacerbated by greater 
autonomy. More recruiting 
freedom could also encourage 
cronyism, which already 
undermines research and higher 
education in China (see, for 
example, go.nature.com/vl4rxt; 
in Chinese). 

To avoid these pitfalls and to 
ensure the quality and diversity 
of new faculty members, 
university panels should 
appoint the strongest academic 
performers from a shortlist 
drawn up by departmental 
recruiting panels in an open and 
transparent process. 

Hong-Wei Xiao China Agricultural 
University, Beijing, China. 
xhwcaugxy@163.com 


Chinese universities: 
gear up for Nobels 


We agree with Jie Zhang that 
university reform is needed to 
improve the quality of Chinese 
research papers (Nature 514, 
295-296; 2014). A home-grown 
scientist in China might then 
stand a chance of winning a Nobel 
prize for the first time. 

Novelty in research remains 
rare: publications with a Chinese 
scientist as first or corresponding 
author accounted for just 
362 papers in Nature and 388 
in Science from 1992 to 2012. 
This is despite the government's 
increased investment in 
research during 2002-12 and 


its launching of talent schemes 
and large scientific programmes 
in past decades. China needs 

to recognize that Nobel prizes 

are awarded for scientific 
breakthroughs, not for short-term 
successes. 

Switching the country’s 
emphasis from publications in 
journals in Thomson Reuters’ 
Science Citation Index to multiple 
evaluation criteria could help, and 
would offset academic corruption 
in promotions and student 
graduation. 

China should implement fixed 
annual salaries for scientists, 
rather than paying their incomes 
as a component of research 
funding, which undermines 
motivation. The scientific 
administration system needs 
overhauling, particularly with 
respect to funding applications 
and individual performance 
evaluation. 

Yi-Ping Chen, Yi-Shan Lin, 

Yi Zhang Institute of Earth 
Environment, Chinese Academy of 
Sciences, Xian, China. 

chenyp @ieecas.cn 


Rename comet probe 
after Greek hero 


The Rosetta spacecraft’s Philae 
probe, which landed successfully 
onan orbiting comet on 

12 November (see Nature http:// 
doi.org/w8k; 2014), could be 
renamed Pheidippides — for its 
record-setting marathon run 
and transmission of its message 
before collapsing. 

Len Fisher University of Bristol, 
UK. 

len. fisher@bristol.ac.uk 


CORRECTION 

The Outlook article ‘The search 
for the rice of the future’ (Nature 
514, S60-S61; 2014) wrongly 
stated that a flood-resistant 
gene was bred into rice by 
Pamela Ronald. In fact, the 
breeding was cone by David 
Mackill, Abdelbagi Ismail and 
their team at IRRI. 
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El Nino’s variable history 


A study of the El Nifio phenomenon over the past 21,000 years suggests that El Nifio responded in complex ways toa 
changing climate, with several competing factors playing a part in its varying strength. SEE LETTER P.550 


JOSEPHINE R. BROWN 


he episodic warming and cooling of the 
"Ties Pacific Ocean's surface waters, 

known as the El Nifio-Southern Oscil- 
lation (ENSO), is responsible for large year-to- 
year variations in global climate, and causes 
widespread effects that include droughts 
(Fig. 1), floods and fires. It is therefore impor- 
tant to know how ENSO may change in the 
future. To address this question, researchers 
can look to past climates for clues. In this issue, 
Liu et al.’ (page 550) present a set of climate- 
model experiments investigating the evolution 
of ENSO over the 21,000 years since the peak 
of the most recent glacial period. Their experi- 
ments show that ENSO varied on a range of 
timescales, producing a complex history with 
epochs of weaker and stronger activity. 

ENSO isa natural fluctuation of climate that 
arises from interactions between the atmos- 
phere and ocean in the tropical Pacific, with 
El Nifio events (warming) occurring about 
every three to seven years. The strength of these 
events may vary as a result of natural, internal 
feedback processes” as well as through external 
factors such as human-induced global warm- 
ing*. Over the past 21,000 years, the global and 
regional climate changed in response to vari- 
ations in incoming solar radiation driven by 
slow changes in Earth’s orbit around the Sun; 
the melting of continental ice sheets; and natu- 
ral fluctuations in greenhouse gases. In their 
study, Liu and colleagues consider how ENSO 
was modified by these competing factors. 

Previous studies of past ENSO behaviour 
using complex global models have been 
restricted to simulations of ‘time-slices’ of 
key periods such as the Last Glacial Maxi- 
mum (21,000 years ago) and mid-Holocene 
(6,000 years ago)*. These time-slices typi- 
cally consist of only hundreds to a few thou- 
sand years because of the computer resources 
needed to run such experiments. Now, for the 
first time, Liu et al. use a complex global cli- 
mate model — the Community Climate Sys- 
tem model version 3 (CCSM3) maintained 
at the US National Center for Atmospheric 
Research — to simulate the full 21,000 years 
from the last glacial. This has allowed the 
sensitivity of ENSO to multiple influences 
(forcing) to be investigated in a continuously 


— 


Figure 1 | Severe drought. The El Nifio-Southern 
Oscillation (ENSO) can cause severe drought in 
many parts of the world. Shown here is a villager 
walking through a field affected by one such 
drought in August 2009 in Lamongan, East Java, 
Indonesia. Liu et al.' have used climate models to 
explore the history of ENSO over 21,000 years, to 
examine how this phenomenon varies in response 
to a changing climate. 


evolving climate. The model’s forcing includes 
changes in Earth’s orbital parameters, the con- 
centrations of greenhouse gases and continen- 
tal ice sheets, as well as ocean freshwater input 
from melting ice. The authors also carried out 
experiments to explore the sensitivity of ENSO 
to each of these factors individually. 

Liu et al. find that ENSO gradually became 
around 15% stronger during the Holocene 
(the past 11,000 years). This strengthening 
occurred in response to altered incoming 
solar radiation due to orbital changes, which 
led to warming of the tropics and increased 
feedbacks between the atmosphere and upper 
layers of the ocean. The role of orbital forcing 
is confirmed by the experiment that involved 
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orbital changes only, which reproduces the 
gradual trend in ENSO amplitude. 

The model simulates a slightly weakened 
ENSO at the Last Glacial Maximum. In the 
subsequent ‘deglacial’ period, as the climate 
warmed and continental ice sheets melted, 
ENSO amplitude varied on millennial time- 
scales as a result of changes in ocean fresh- 
water input from melting ice, which modified 
the circulation in the Atlantic Ocean. Liu et al. 
identify a set of mechanisms for this response, 
ultimately pointing to the varying magnitude 
of the annual cycle of temperature in the equa- 
torial Pacific, which is strong when ENSO is 
weak and vice versa’. During the same period, 
increasing atmospheric carbon dioxide concen- 
trations tended to weaken ENSO, whereas the 
impact of retreating continental ice sheets on 
atmospheric circulation led to a strengthening. 

The authors compare these results with 
reconstructions of ENSO variability from 
proxy records such as corals, mollusc shells 
and lake and ocean sediments®””. Several 
proxy records from the early to mid-Holocene 
(11,000 to 5,000 years ago) indicate that ENSO 
was weaker than it is now, with reductions of 
around 30-50%, although the timing of the 
minimum varies between records®’. Another 
reconstruction does not show a significant 
change in ENSO variability at this time’®. 
Climate-model simulations of the mid-Hol- 
ocene* show a 10-15% weakening of ENSO 
(relative to the pre-industrial climate), which 
is consistent with Liu and co-workers’ results 
but smaller than most proxy records suggest. 
The apparent underestimate of the change by 
models may reflect limitations of the proxies, 
or may highlight insufficient model sensitivity. 

There are fewer proxy records of ENSO 
from the period before the Holocene, and 
the available records do not provide a clear 
picture of ENSO in glacial and deglacial cli- 
mates’. Model simulations of the Last Gla- 
cial Maximum also fail to show a consistent 
change in ENSO variability*. Liu et al. pro- 
pose that this lack of agreement between 
models may be due to the competing effects 
of large continental ice sheets and low atmos- 
pheric CO, levels, which influence ENSO in 
opposing ways during this time. Disagree- 
ment between proxy records suggests that 
the spatial pattern of ENSO impacts across 
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the Pacific may also have changed. 

A great strength of this study is its use of 
multiple simulations using individual forc- 
ing to confirm the role of each factor in ENSO 
changes. However, the results are based on a 
single climate model, and it is well known that 
models differ in their simulation of ENSO. In 
particular, models disagree about changes in 
ENSO strength in both past climates such as 
the mid-Holocene and the Last Glacial Maxi- 
mum‘ and in projections of future climate 
with increased concentrations of greenhouse 
gases’. For this reason, it is imperative that the 
authors’ 21,000-year experiments are repeated 
using other climate models, ideally including 
the full set of sensitivity experiments. 

Another challenge is to develop proxy 
reconstructions of ENSO that can provide a 
clearer picture of past variability than is cur- 
rently available, and to improve methods of 
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comparing models and proxy records’*””. In 
particular, the large unforced natural vari- 
ability of ENSO implies that records spanning 
many decades or longer may be required to 
identify changes in strength that are outside 
this natural range”"”. As Liu et al. conclude, 
to provide a robust basis for comparison 
between models and proxy reconstructions, 
an expanded set of proxy records is needed, 
particularly from the equatorial Pacific region, 
which is most sensitive to ENSO. 

Liu and colleagues’ study constitutes a major 
step towards understanding the complex his- 
tory of this crucial phenomenon. At the same 
time, their results suggest that ENSO may 
respond in opposing ways to different regional 
and global influences, highlighting the chal- 
lenge of predicting its future activity. m 


Josephine R. Brown is at the Centre for 


A beast of the 
southern wild 


Anewly discovered skull from the Cretaceous period belongs to a mammal that 
was big, strange and fast-moving. The fossil solves a long-standing mystery, and 
helps to resolve a controversy about mammalian evolution. SEE ARTICLE P.512 


ANNE WEIL 


hat were the gondwanatheres? 
Even the palaeontologists who 
study them have been wondering 


for decades. Restricted to the southern conti- 
nents, the Gondwanatheria were a mammalian 
oddity that have been found in mid-Creta- 
ceous to early Eocene sediments from around 


Figure 1 | A gondwanathere skull. The discovery of the skull (a) 
of a gondwanatherian mammal in Madagascar has enabled the first 
reconstruction (b) of one of these enigmatic early mammals. Krause 
et al.’ estimate that the animal, Vintana sertichi, may have been the 


110 million years ago up to 45 million years ago. 
Until now, they were known only from the most 
fragmentary pieces — teeth here and there, 
and, rarely, a piece of mandible. Their distinc- 
tive, specialized, high-crowned cheek teeth 
revealed them to be omnivores and herbivores, 
but obscured their relationship to other mem- 
bers of the mammalian tree. The discovery of 
an entire skull of a new gondwanathere genus 
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and species, preserved in three dimensions and 
described by Krause et al.' on page 512 of this 
issue, offers a cornucopia of data not only to 
solve that mystery but also to reveal further 
astonishing morphological diversity among 
early mammals. 

The skull, which the authors assign to the 
species Vintana sertichi, was discovered in the 
Maevarano Formation of Madagascar, which 
is famous for having produced fossilized birds 
and non-avian dinosaurs, odd crocodyliforms, 
a giant frog, fish, turtles and snakes. Vintana 
is dated to the Maastrichtian age of the Upper 
Cretaceous, between 72 million and 66 million 
years ago. The authors’ detailed computer- 
ized tomography scans of the fossil provide 
a breathtaking look at the cranial anatomy of 
an animal that combines surprisingly ancient- 
looking features with others that are advanced 
specializations (Fig. 1). 

Vintana is large — its skull is 12.41 centi- 
metres long and the whole animal is estimated 
to have weighed almost 9 kilograms. Among 


largest mammal alive 70 million years ago. It had enormous incisors and 
an expanded cheekbone for the attachment of powerful chewing muscles. 
It also had large eyes for its size, and a distinctive profile not seen in 

close relatives. 
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mammals of the Mesozoic era (which spans 
the Triassic, Jurassic and Cretaceous periods, 
from 252 million to 66 million years ago), it is 
second in size only to the earlier, carnivorous 
Repenomamus giganticus from China’. But 
Vintana was a herbivore. Among its specializa- 
tions are high-crowned molariform teeth with 
multiple islets of enamel, good for grinding 
plant matter, and an expanded cheekbone to 
accommodate the attachment of large chewing 
muscles; the authors estimate that its bite force 
was twice that of a rodent of similar size. The 
animal also had relatively large eyes. This fact, 
in combination with adaptations of the part of 
the inner ear concerned with balance, suggests 
that Vintana may have been agile and fast. 

Yet the skull also exhibits a few features 
characteristic of earlier relatives that seem 
to be the result of evolutionary reversals: the 
nose, palate and back of the skull contain bones 
generally thought to have been lost in the 
mammalian lineage before the common 
ancestor of living mammals. And its long, 
down-turned snout would have given it a dis- 
tinctive appearance. It may be that Vintana 
looks remarkable to us owing to its evolution 
during Madagascar’s long isolation, as Krause 
and colleagues propose, and indeed tooth 
wear suggests that it chewed differently from 
other gondwanatheres. But because we have 
no comparable cranial material of other gond- 
wanatheres, it may also be that the entire group 
is similarly unusual. 

However outlandish Vintana may look, 
incorporating its skull into phylogenetic 
analyses at last provides an idea of where gond- 
wanatheres fit within Mammalia. It emerges 
that they share many characteristics with two 
groups of Mesozoic mammals now well known 
from the northern continents — multituber- 
culates and haramiyids — which together 
comprise a group called Allotheria. Vintana is 
just the latest in an explosion of new discover- 
ies, and controversies, relating to this group. 
Originally conceived of to unite taxa within 
the mammalian lineage on the basis of teeth 
with rows of cusps’ , Allotheria was eventually 
redefined to include the relatively common 
multituberculate mammals and the then- 
mysterious haramiyids, which were known 
principally from isolated teeth’. 

Because the haramiyids were poorly 
known, the question of whether the grouping 
Allotheria reflects an evolutionary relation- 
ship has long been debated, so much so that 
the foremost reference work on Mesozoic 
mammals’ has one chapter entitled ‘Allotheri- 
ans’ and another denying that haramiyids were 
true mammals. Last year, two papers describ- 
ing the first haramiyid skulls and skeletons and 
including them in new phylogenetic analyses 
arrived at competing hypotheses: one’ that 
haramiyids fell outside Mammalia, and the 
other’ that they are closely related to Multi- 
tuberculata and fell within Mammalia. 

This is not a trivial argument — including 


the earliest known haramiyid fossil in 
Mammalia pulls mammalian origins back 
in time to the Triassic period and before the 
break-up of the supercontinent Pangaea. This 
scenario favours a model of mammalian diver- 
sification during the Jurassic and Cretaceous in 
which the lineage leading to living marsupial 
and placental mammals was present for tens 
of millions of years before diversifying. The 
alternative model, in which the first mammals 
would have appeared in the Middle Jurassic, 
about 175 million years ago, means that living 
lineages would have diversified more immedi- 
ately®. Last month, three new species of hara- 
miyid were described, from near-complete 
specimens, with an analysis again favouring 
the existence of Allotheria and its placement 
within Mammalia’. Now, using a third set of 
characters, a somewhat different sampling of 
taxa and all the new information vouchsafed 
by Vintana, Krause and colleagues’ model also 
supports the Allotheria grouping, the place- 
ment of Vintana within Allotheria, and an 
ancient origin for Mammalia. 

Analyses of fossil taxa with no living 
descendants, of which Allotheria is an exam- 
ple, produce varying results that are subject to 
the choice of animals included, the characteris- 
tics considered and the type of analysis used. If 
the inclusion of Allotheria in Mammalia holds 
up, it may indeed prove to be that Pangaea’s 


fragmentation contributed to mammalian 
diversification during the Mesozoic. This is not 
the same as the diversification of the mamma- 
lian groups we see today; Mesozoic mammals 
unrelated to modern marsupials and placentals 
swam like beavers, soared like flying squirrels 
and ate like foxes in the henhouse”’. Living 
mammals are descended from only a small 
part ofa strange and wonderful early radiation 
of Mammalia, to which Vintana is a particu- 
larly informative addition. m 


Anne Weil is in the Department of Anatomy 
and Cell Biology, Oklahoma State University 
Center for Health Sciences, Tulsa, Oklahoma 
74107, USA. 

e-mail: anne. weil@okstate.edu 


1. Krause, D. W. et a/. Nature 515, 512-517 (2014). 

2. Hu, Y., Meng, J., Wang, Y. & Li, C. Nature 433, 
149-152 (2005). 

3. Marsh, O. C. Am. J. Sci. 20, 235-239 (1880). 

4. Butler, P.M. Acta Palaeontol. Pol. 45, 317-342 (2000). 

5. Kielan-Jaworowska, Z., Cifelli, R. L. & Luo, Z.-X. 
Mammals from the Age of Dinosaurs: Origins, Evolution, 
and Structure (Columbia Univ. Press, 2004). 

6. Zhou, C.-F., Wu, S., Martin, T. & Luo, Z.-X. Nature 
500, 163-167 (2013). 

7. Zheng, X., Bi, S., Wang, X. & Meng, J. Nature 500, 
199-202 (2013). 

8. Cifelli, R.L. & Davis, B. M. Nature 500, 160-161 (2013). 

9. Bi, S., Wang, Y., Guan, J. & Meng, J. Nature http:// 
dx.doi.org/10.1038/nature13718 (2014). 

10.Luo, Z.-X. Nature 450, 1011-1019 (2007). 


This article was published online on 5 November 2014. 


Antitumour immunity 


gets a boost 


Five papers extend the list of cancers that respond to therapies that restore 
antitumour immunity by blocking the PD-1 pathway, and characterize those 
patients who respond best. SEE LETTERS P.558, P.563, P.568, P572 & P.577 


JEDD D. WOLCHOK & TIMOTHY A. CHAN 


he concept that the immune system 

has a role in controlling cancer is not 

a recent one. More than a century ago, 
the surgeon William Coley hypothesized 
that postoperative bacterial infections could 
mobilize a patient’s own resistance to tumour 
recurrence, and he developed a mixture of 
heat-killed bacteria for intratumoral injec- 
tion that occasionally produced durable 
regressions’. More recently, the elucidation of 
molecular mechanisms underlying immune 
regulation has been instrumental in devising 
strategies to overcome cancer cells’ ability to 
suppress the immune surveillance that would 
otherwise protect the host from tumour pro- 
gression’ *. One approach to activating these 
antitumour immune responses has been 
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termed ‘checkpoint blockade’ — referring 
to the use of antibodies that block immune- 
inhibitory pathways switched on by cancer 
cells. Five papers published in this issue’” 
reveal a growing list of cancers that respond 
to checkpoint blockade and describe charac- 
teristics of those patients who respond to such 
therapies. 

The immune checkpoints targeted by these 
therapies serve under normal conditions as 
molecular brakes, preventing hyperactivity of 
the T cells of the immune system and, in some 
cases, preventing autoimmunity’. CTLA-4 
and PD-1 are two key cell-surface receptors 
that, when bound by their ligands, trigger such 
inhibitory pathways and dampen T-cell activ- 
ity. In the case of the PD-1 pathway, expression 
of ligands such as PD-L1 on tumour cells can 
directly lead to the death of T cells expressing 


rophage 
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Neoantigen 
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Figure 1 | Checkpoint blockade activates antitumour immunity. a, Tumour cells express both 
cancer-driving mutations and ‘passenger’ mutations that cause the expression of neoantigens — ‘new’ 
molecular structures that, when presented by MHC proteins on the cell surface, are recognized by T cells 
of the immune system as being foreign, leading to an immune response against the tumour. However, 
interactions between the receptor PD-1 and its ligand PD-L1, which are expressed on tumour cells, T cells 
and other immune cells such as macrophages, activate signalling pathways that inhibit T-cell activity and 
thus inhibit the antitumour immune response. b, Antibodies that block the PD-1 pathway by binding to 
PD-1 or PD-LI can reactivate T-cell activity and proliferation, leading to enhanced antitumour immunity. 


PD-1. Furthermore, engagement of CTLA-4 
or PD-1, which are expressed both on T cells 
and on other immune cells in an inflamed 
tumour microenvironment, can self-limit the 
antitumour response. Antibodies that block 
CTLA-4 (ipilimumab) and PD-1 (pembroli- 
zumab and nivolumab) have been approved 
to treat patients, and the clinical responses 
are often durable, with some patients remain- 
ing free from disease progression for many 
years''’, But until recently, little efficacy 
of these treatments has been noted beyond 
melanoma and renal-cell carcinoma. Fur- 
thermore, the precise cellular events triggered 
by antibody binding and their exact antigenic 
targets (the molecular structures to which the 
antibodies bind) remained unclear. 

Powles et al.° (page 558) and Herbst et al.° 
(page 563) present results from a phase I clini- 
cal trial of MPDL3280A, a monoclonal anti- 
body that blocks the ligand PD-L1. Herbst and 
colleagues report that the antibody induces 
therapeutic responses in patients with non- 
small-cell lung cancer, melanoma, renal-cell 
carcinoma and other solid tumours — findings 
that support the known activity of other anti- 
bodies that block the PD-1-pathway in some 
of these diseases'"'**. Powles and colleagues 
analyse the effects of this antibody treatment 
in a larger group of patients with urothelial 
bladder cancer. Both clinical reports docu- 
ment durable responses in a subset of patients, 
and that the therapy has low toxicity, with only 
rare high-grade adverse events. These results 
substantially expand the spectrum of malig- 
nancies in which PD-1-pathway blockade has 
meaningful clinical activity. 


Ever since the earliest reports of the effects 
of PD-1 blockade’*"*'”"*, PD-L1 expression by 
tumour cells has been a focus of studies looking 
for biomarkers that will predict a therapeutic 
response. Although it is clear that expression 
of PD-L1 on tumour cells makes it more likely 
that the patient will respond to PD1-pathway 
blockade, this is not a binary, static predic- 
tive marker. Herbst et al. and Tumeh et al.’ 
(page 568) now reveal that it is not solely 
tumour-cell expression of PD-L1 that can 
enrich responses to PD-1-pathway blockade, 
but that expression of PD-L1 on immune cells 
infiltrating the tumour is also a key predictor 
of clinical activity (Fig. 1). Tumeh et al. fur- 
ther show, using samples from patients with 
melanoma that were treated with pembroli- 
zumab, that a certain set of conditions enables 
PD-1 blockade to mediate tumour regression. 
These are the presence of CD8" T cells (a T-cell 
subset that directly kills its target cells) and 
immune cells that express PD-1 and PD-L1 
at the tumour margin, together with a T-cell 
population with less-diverse antigen specific- 
ity. Taken together, the findings of these two 
papers suggest that tumours that have already 
been recognized by the immune system, and 
so contain infiltrating immune cells bearing 
PD-1 and PD-LI, are particularly sensitive to 
immune-checkpoint blockade. 

The contributions from Yadav et al.* 
(page 572) and Gubin et al.° (page 577) add 
another dimension by suggesting that ‘pas- 
senger mutations — cancer-cell mutations 
that do not directly contribute to cancer 
initiation and progression — play a key part in 
tumour immunity. Although it is increasingly 
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evident that the new antigens generated by 
such mutations are targeted by antitumour 
T cells, identifying which of these neo-antigens 
are functionally important has been a chal- 
lenge. Yadav et al. sequenced the exomes (the 
protein-coding regions of the genome) of two 
mouse tumour-cell lines and compared these 
with the reference mouse exome to predict 
candidate neo-antigens in the tumour cells. In 
parallel, they identified which of the neo-anti- 
gens could potentially elicit immune responses 
by isolating those that bind to major histocom- 
patibility complex (MHC) proteins, which pre- 
sent antigens to T cells, and then analysing the 
bound peptides by mass spectrometry. 

Surprisingly, this process identified only a 
few candidate neo-antigens, but these were 
highly immunogenic in vivo (that is, they pro- 
voked a strong immune response) and were 
found to be encoded by genes that are unlikely 
to directly contribute to cancer development, 
confirming that changes in immunogenicity 
can result from passenger mutations (Fig. 1). 
The approach presented in this report is a key 
advance for the discovery of immunogenic 
antigens and is applicable to many experi- 
mental systems. However, it remains to be seen 
whether the low numbers of neo-antigens dis- 
covered reflects an inherently limited sensitiv- 
ity of the approach or whether the number of 
MHC-presented neo-antigens is indeed low. 

A previous paper from the research group of 
Gubin et al. showed that a mutant spectrin-B2 
protein was responsible for the strong immu- 
nogenicity of tumours in a particular mouse 
model”. Now, Gubin and colleagues find that 
tumours from the same model that become 
resistant to immune-mediated rejection have 
lost this neo-antigen. They go on to show that 
treatment with anti-PD-1 and/or anti-CTLA-4 
antibodies enabled the mice to again reject 
these tumours. Using a similar approach to 
that of Yadav et al., the authors identify two 
mutations, in the Alg8 and Lama4 genes, that 
created neo-antigens mediating these effects. 
Vaccinating mice with these antigens induced 
tumour rejection at a level comparable to that 
of checkpoint-blockade therapy, convincingly 
demonstrating that tumour neo-antigens are 
potent functional targets of this therapy. This 
work also corroborates recent findings from 
another group”. 

These five papers, together with other recent 
studies, support the hypothesis that immune 
responses to tumour-specific mutations are 
central to both natural antitumour immunity 
and to the antitumour activity generated by 
checkpoint-blockade therapy. In another twist 
to the story, a paper” just published reports 
that, in patients with melanoma treated with 
ipilimumab, specific neo-antigens in the 
tumour are associated with a favourable clini- 
cal response. Intriguingly, these antigens bear 
a striking similarity to immunogenic antigens 
derived from bacteria and viruses, suggesting, 
perhaps, that Coley was on to something. = 
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Cosmic triangles and 
black-hole masses 


A geometric measurement of the distance to a nearby galaxy implies a larger 
mass for its central black hole than previously calculated, and a consequent 
increase for most other masses of such black holes. SEE LETTER P.528 
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all of the emission from these sources comes 
from a compact region that cannot be spatially 
resolved. 

However, Honig et al. show that there is a 
way to obtain the geometric distance to these 
objects. They invert the triangle used for paral- 
lax and put the base of the triangle at the AGN. 
The sizes of regions in the interior of AGNs are 
known from a technique called reverberation 
mapping. The central luminous source in an 
AGN is tiny, only a few tens of times larger than 
the supermassive black hole’s event horizon 


MARTIN ELVIS 


ost distance measurements in 
astronomy rely on bright sources 
of light with known power output. 


How bright an object looks in the sky depends 
on both its actual light output and its distance 
from an observer on Earth, so knowing the 
object’s real and apparent brightness allows 
the distance to be determined. The type la 
supernovae used to discover that the Universe's 
expansion is accelerating are the best-known 
examples of such sources. However, a better 
method for estimating astronomical distances 
is to use simple geometry, and in this issue 
Honig et al.' (page 528) demonstrate a new 
geometric-distance method. 

If we know the length of the base of an 
isosceles triangle, with the two long (very 
long!) sides being the distance to an object, 
then we can solve for that distance given just 
one angle. Unfortunately, such a situation is 
rare in astronomy. The only well-used exam- 
ple is a star’s parallax, in which the diameter of 
Earth’s orbit is the base of the triangle and the 
angle is how much the star moves against the 
background stars as Earth moves from one side 
of its orbit around the Sun to the other every 
six months (Fig. 1). A star that moves 1 arcsec- 
ond would be one ‘parsec’ away. Although the 
European Space Agency's Gaia satellite is tak- 
ing parallax to a new level of micro-arcsecond 
precision, even it cannot use this geometric- 
distance method on anything distant enough 
to track the expansion of the Universe. 

Quasars, and their less-luminous cousins 
the active galactic nuclei (AGNSs), are objects 
powered by supermassive black holes that 


pull (accrete) matter towards them at high 
speeds. This accretion process releases enough 
kinetic energy as radiation for some of them 
to be bright enough to be seen across the Uni- 
verse. But quasars and AGNs would seem to be 
unpromising prospects for applying geomet- 
ric-distance measurements because almost 


quasar 


Figure 1 | Geometric distances. a, The distance to a star (D. 


the boundary beyond which no radiation 
can escape. This source is unstable and varies 
quite rapidly. Imagine a single flash of light 
from this small source. This flash travels out 
at the speed of light. When, after some delay, it 
encounters gas or dust in its neighbourhood, 
that material lights up in response; in other 
words, it ‘reverberates’. We can measure how 
far from the source the lit-up material is just by 


Hot dust 


Quasar’s central 
source 


region 


) from Earth can be measured by solving an 


star, 


isosceles triangle. The base of the triangle corresponds to twice the distance between Earth and the Sun, 
and the angle between its sides (0) is the angular displacement of the star against a background of distant 
stars (not shown) as Earth moves from one side of its orbit to the other every six months. b, The distance to 


a quasar or an active galactic nucleus (AGN), D. 


quasar? 


can be solved if we know the angular size (8) of some 
region in the quasar using an interferometer and its linear size (d, 


region) from the time that light takes to 


move from the quasar’s central source out to that region’. Hénig et al.’ used the region of hot dust 
that surrounds the central source of a nearby AGN, and that radiates in the infrared, to measure the 


distance to this AGN with a roughly 13.5% uncertainty. 
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multiplying the time delay by the speed of 
light. This distance gives the length of the 
base of a triangle (Fig. 1; the actual details of 
this calculation get complicated’). To get the 
required angle, that is, the angular size of the 
region that lights up, Margarita Karovska and 
I suggested’ using optical interferometers to 
detect light reverberation from fast-moving 
clouds located at distances from the central 
source that are several hundred times the 
size of the event horizon. But this method has 
proved to bea step too far for existing interfer- 
ometers because the angular sizes involved are 
too small for them to measure. 

H6nig and colleagues realized that the hot 
dust found in AGNs, which radiates in the 
infrared, was distributed on a sufficiently 
larger spatial scale than the fast-moving 
clouds for the Keck interferometer on Mauna 
Kea, Hawaii, to be able to measure the angu- 
lar sizes of hot-dust regions in the nearest 
AGNs at half a milliarcsecond resolution, 
which is about 100 times better than can be 
obtained by imaging with the Hubble Space 
Telescope. The authors relied on the successful 
Japanese MAGNUM dust-reverberation 
project’ for the lengths of the bases of the 
triangles. Armed with the angular sizes 
determined using Keck and the lengths from 
MAGNUM, they have successfully solved 
the triangle to get the distance to a nearby 
AGN called NGC 4151, which turns out to be 
19.0 (+2.4, —2.6) megaparsecs. 

The authors’ method is direct, avoiding the 
usual uncertainty-enhancing steps found in 
distance measurements that rely on sources 
with known luminosity. That is the great vir- 
tue of using geometry. Although the details of 
the method are complex, their measurement 
has an uncertainty of about 13.5% and seems 
reliable, because the researchers have made 
several tests of its robustness (see Extended 
Data for the paper’). 

This result is noteworthy in two ways. First, 
NGC 4151 is the AGN with the best-measured 
black-hole mass from reverberation mapping 
that also has a black-hole-mass estimate from 
the kinematics of the surrounding gas and 
stars’. Estimates of black-hole masses from 
reverberation mapping involve a scale factor 
that is pinned down by the kinematic mass 
calculation. Hence, NGC 4151 anchors this 
reverberation-based, black-hole mass scale, 
which has been applied to tens of thousands 
of AGNs and quasars. The kinematic black- 
hole mass depends on the distance to the AGN, 
so an accurate distance yields a more reliable 
scale factor. Honig and colleagues’ distance 
estimate for NGC 4151 suggests a larger value 
for this factor and a consequent increase for 
most black-hole masses of quasars and AGNs 
obtained using reverberation. Extending this 
work to more AGNs, as they become better 
measured in terms of gas and stellar kinemat- 
ics, will show how much this factor varies from 
one object to another — a basic requirement 


if supermassive black-hole masses are to be 
measured confidently. 

Second, and perhaps more importantly, 
this result is a dramatic demonstration of the 
power of high-angular resolution in astron- 
omy. Optical and infrared astronomers have 
mostly plumped for bigger light-collecting 
areas in the next generation of giant, ground- 
based telescopes, which will have apertures of 
25 to 39 metres in diameter. These telescopes 
will be equipped with adaptive-optics instru- 
ments that correct for the blurring effect of the 
wobbling of the atmosphere, and will deliver 
images of higher angular resolution than can 
Hubble. However, the resolution will still 
be about three times lower than that of the 
now-shuttered Keck interferometer. 

But H6nig et al. have demonstrated that qua- 
sar structure and distances can be measured by 
interferometry. This opens up the prospect of 
extending AGN size and distance measure- 
ments out to the earliest cosmic times, and thus 
of measuring cosmological properties at dis- 
tances far beyond where supernovae can take 
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us. New interferometer designs promise great 
sensitivity increases’, and the CHARA array 
has already attained a higher angular resolu- 
tion than could Keck’. Thanks to Honig et al., 
we may now have to consider whether some of 
our resources should soon be put into building 
a next generation of optical interferometers. = 
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Polarize to elongate 


An analysis of fruit-fly embryos reveals that receptor proteins of the Toll family 
direct the oriented cell rearrangements required for the elongation of the 
head-to-tail axis during development. SEE ARTICLE P.523 


ULRICH TEPASS 


central question in developmental 
Ave is how the integrated activi- 
ties of transcription factors and 
signalling pathways bring about the cell 
movements required to create specific 
tissue shapes. This morphogenesis process 
forms organs and moulds the animal body. 
On page 523 of this issue, Paré et al. report 
that Toll-family receptor proteins act as 
molecular links between the transcriptional 
machinery that governs head-to-tail pattern- 
ing and the cellular mechanisms that cause the 
elongation of this axis in fruit-fly embryos. 
During development, the precursor to 
the trunk region, or germband, of fruit-fly 
(Drosophila melanogaster) embryos elongates 
about 2.5-fold’, generating a body with a long 
head-tail (anterior—posterior) axis and a com- 
paratively narrow back-belly (dorsal—ventral) 
axis. This elongation, known as convergent 
extension, is achieved in part by the oriented 
rearrangement of cells, a process often referred 
to as neighbour exchange or cell intercalation’. 
Effective cell intercalation is coordinated 
through the aligned polarization of individ- 
ual cells in the plane of the tissue. Adherens 
junctions, which bind cells together, become 


planar polarized and are disassembled between 
vertical (anterior—posterior) cell contacts. 
Subsequently, new horizontal (dorsal-ventral) 
cell contacts are formed*”. In this way, cells are 
moved apart by the intercalation of cells from 
above or below (Fig. 1a). Almost all cells in the 
germband intercalate in the same orientation, 
elongating the tissue in the process. 

The signalling cascade that controls the 
subdivision of fly embryos into segments 
along the anterior—posterior axis includes 
pair-rule transcription factors. Individual pair- 
rule genes such as eve and runt are expressed 
in alternate segments of the embryo. These 
genes also govern planar polarity and cell 
rearrangements during germband exten- 
sion’®. To investigate how transcriptional 
regulation by Eve and Runt polarizes cells 
to direct cell intercalation, Paré and col- 
leagues compared the transcriptional pro- 
files of embryos depleted of Eve or Runt 
with those of normal embryos. Two of the 
genes upregulated in Eve- or Runt-depleted 
embryos encode the Toll receptors Toll-2 and 
Toll-8. This finding was intriguing because 
Toll-2 and Toll-8, as well as Toll-6 and Toll-7, 
are also expressed in different segmental 
patterns in the D. melanogaster germband’. 

Toll receptors are membrane-spanning 
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Figure 1 | Cell rearrangement in the Drosophila melanogaster germband. 
a, Extension of the precursor to the trunk region, or germband, of fruit-fly 
embryos involves cell intercalation — cells that lie adjacent to one another 
along the anterior—posterior axis become separated as cells from above 

and below (those along the dorsal—ventral axis) move in between them. Asa 
result, the germband elongates in the anterior—posterior direction. Paré et al.’ 
report that this elongation is mediated by Toll receptor proteins. b, A model 


proteins that are well-established signalling 
receptors’. They can interact with several 
types of ligand, including other Toll recep- 
tors, and have roles in dorsal-ventral pat- 
terning, organogenesis and immunity’. The 
authors performed an extensive functional 
analysis of Toll receptors, which suggested that 
Toll-2, Toll-6 and Toll-8 cooperate to control 
planar polarity and cell rearrangement in the 
germband. Loss of one or two Toll receptors 
led to local defects in planar polarity, but only 
the loss of all three receptors caused defects 
that were similar in strength to the loss of 
Eve or Runt. At the tissue level, Toll receptors 
therefore operate redundantly to promote 
convergent extension of the germband. How- 
ever, at the cellular level, the receptors are 
non-redundant because they act on different 
germband cell populations. Together, these 
findings implicate Toll receptors in the regu- 
lation of planar polarity, and establish them as 
the long-sought link between transcriptional 
patterning of the anterior—posterior axis and 
the cellular mechanisms of axis elongation. 
How Eve and Runt regulate the transcrip- 
tion of Toll receptors remains to be explored. 
The researchers’ comparison of the expression 
patterns of Eve, Runt and Toll receptors and 
of Toll receptors in Eve- or Runt-depleted 
embryos suggest that Eve and Runt are not the 
only factors that regulate the receptors’ expres- 
sion. Other anterior—posterior patterning 
genes are also required for germband exten- 
sion’ and may contribute to this regulation. 
How do Toll receptors polarize the cellular 
machinery that executes cell rearrangement? 
Paré et al. found a first clue in adhesion assays, 
which showed that Toll-2 in one cell can inter- 
act with different receptors (Toll-6 or Toll-8) in 


Cell intercalation 


adjacent cells, a process known as heterophilic 
interaction. By contrast, homophilic inter- 
actions such as that between Toll-2 and Toll-2 
were not observed. This implies that Toll recep- 
tors might stimulate their downstream effects 
through differential enrichment at the two 
cell surfaces at a vertical interface. However, 
the distribution of Toll-8 was not obviously 
polarized, as would be predicted by this model 
(the authors did not examine Toll-2 and Toll-6 
distribution). This suggests either that asym- 
metries in Toll-receptor localization are subtle 
or that heterophilic interactions elicit receptor 
activation without altering receptor distribu- 
tion. A further concern with this model is that, 
if heterophilic interactions are essential for 
receptor activation, one would not expect the 
receptors’ activity to be redundant. 

A second clue to how Toll receptors may 
effect polarity comes from experiments in 
which Toll-2 and Toll-8 were abnormally 
expressed. Paré and co-workers report that 
overexpression of these two receptors in seg- 
mental stripes caused the accumulation of 
myosin II protein at the vertical interfaces of 
Toll-receptor-expressing and non-expressing 
cells — a key feature of planar polarity in the 
germband*°. Although this experiment was 
performed in late-stage embryos, rather than 
in the germband, it shows that either Toll- 
receptor expression boundaries or interfaces 
of heterophilic receptor interactions can cause 
the enrichment of myosin II. 

Toll-2 can act through the Rho-GTPase 
signalling pathway, and regulates myosin II 
during salivary-gland morphogenesis’. The 
Rho pathway also regulates planar polar- 
ity and cell rearrangement in the germband. 
Rho is active at vertical cell contacts, and has 
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for the role of Toll receptors in the germband. Interactions between 

different Toll receptors on adjacent cells may activate the Rho-GTPase 
signalling pathway (labelled Rho). At vertical contacts, Rho-GTPase signalling 
promotes the accumulation and activation of the myosin II protein and 
activation of the Diaphanous (Dia) protein, and it inhibits the Par3 protein, 
which then dissociates from vertical contacts. Par3 consequently accumulates 
at horizontal contacts, where it stabilizes adherens junctions. 


several roles in cell intercalation: first, it fosters 
myosin II accumulation and activation, caus- 
ing contraction of vertical contacts; second, it 
activates the protein Diaphanous, which 
promotes cellular uptake of the cell-adhesion 
protein DE-cadherin, lowering adhesion at 
vertical contacts; and third, it causes the Par3 
protein to dissociate from vertical contacts and 
instead to become enriched at horizontal edges, 
stabilizing adherens junctions at these inter- 
faces’. Although the authors do not raise this 
possibility, it is tempting to speculate that asym- 
metries in receptor distribution at vertical cell 
contacts — driven by the anterior—posterior 
patterning machinery — activate Rho signal- 
ling to elicit planar polarity (Fig. 1b). 

The oriented cell rearrangements that drive 
convergent extension in tissues other than 
the fruit-fly germband (for example in many 
organs with tubes’*’) rely on the planar-cell 
polarity (PCP) signalling pathway for polariza- 
tion*. One possibility is that Toll receptors have 
functionally replaced the PCP pathway in the 
germband; this is supported by the fact that the 
loss of core PCP-pathway components does not 
interfere with germband extension®. However, 
evidence suggests that the PCP pathway con- 
tributes to the planar polarization of myosin II, 
Par3 and DE-cadherin in this region”. It will 
be interesting to see if and how Toll receptors 
cooperate with the PCP pathway to polarize 
germband cells. 

Finally, it is important to remember that the 
cell-intercalation mechanism that is orches- 
trated by Eve, Runt and Toll receptors seems to 
account for less than half of germband exten- 
sion’”. Other mechanisms that have been 
implicated in germband extension include ori- 
ented cell division’ and large-scale mechanical 


forces'®. Attaining an integrated understand- 
ing of morphogenesis remains a formidable 
challenge. = 
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Food choices for 
health and planet 


Are you wondering what to prepare for dinner tonight? Data analyses reveal that 
certain food choices greatly benefit both your health and the environment. But 
what to do with this evidence remains a challenge to society. SEE ARTICLE P.518 


ELKE STEHFEST 


the environment — it is responsible for 

about 25% of global greenhouse-gas 
emissions’, and biodiversity is greatly affected 
by agricultural land and water use, nutrient 
loss and fisheries. Within the agricultural sec- 
tor, livestock farming has the largest environ- 
mental footprint’, and this impact is increasing 
as traditional diets around the world are being 
rapidly replaced by diets that are higher in meat, 
refined sugar and fat. As the scientific basis for 
the link between diet and the environment 
grows stronger, the idea has emerged that global 
dietary changes may contribute to climate- 
change mitigation’. In response, campaigns to 
promote meat-free days have been launched, 
such as ‘Meatless Monday’ in the United States 
and United Kingdom and ‘Veggie Thursday’ in 
Germany and Belgium. In this issue, Tilman 
and Clark* (page 518) show that dietary adjust- 
ments would not only reduce greenhouse-gas 
emissions and agricultural land use, but also 
greatly reduce individual health risks. 

The main novelty of Tilman and Clark's 
study is that it summarizes strong empirical 
evidence for the effect of diet on both health 
and the environment in one publication. For 
the link between diet and health, the authors 
compiled data from 18 papers, comprising 
8 study cohorts and 10 million person-years 
of observations, to compare reference diets 
(including all food groups) to three alterna- 
tives: a Mediterranean diet (rich in vegetables, 
fruit and seafood, but including other foods); a 
pescetarian diet (including fish and almost no 
meat); and a vegetarian diet (including dairy 


production has a strong effect on 


products and eggs but almost no meat or fish). 

Their review finds a substantial reduction 
in several negative health indicators for each 
of these alternative diets compared with the 
reference diet, including type II diabetes 
incidence (16-41%, depending on the diet), 
cancer incidence (7-13%), mortality due to 
heart disease (20-26%) and overall mortality 
(0-18%). These effects relate to the fact that 
the alternative diets contain higher amounts of 
fruits, vegetables and nuts, and fewer ‘empty’ 
calories (energy-containing products that have 
little other nutritional value, such as alcohol 
and added sugars) and less meat. 

To evaluate the environmental effects of 
food consumption, the authors assessed two 
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aspects: agricultural greenhouse-gas emissions 
and changes in land use for agricultural pur- 
poses. For agricultural emissions, the authors 
compiled 120 publications containing 555 life- 
cycle assessment (LCA) analyses of 82 types of 
food, which quantify direct emissions along the 
production chain, including livestock farming, 
feed production, crop growth, fertilizer applica- 
tion and farm operations. To address land-use 
change, which has implications for deforest- 
ation-associated emissions and biodiversity, 
they built a simple, transparent model, mostly 
extrapolating from historical trends. In general, 
both effects are particularly strong for animal- 
based food, because livestock, especially rumi- 
nants, have a low feed-conversion efficiency, 
and because ruminants emit methane, a potent 
greenhouse gas. 

Tilman and Clark evaluated both environ- 
mental aspects for the year 2050 by comparing 
a predicted reference diet (based on observed 
relationships between changes in gross 
domestic product and food-consumption 
patterns) with the three alternative diets used 
for the health analysis (Fig. 1). They find that 
agricultural emissions would be reduced by 
1.2-2.3 gigatonnes of carbon-dioxide carbon 
equivalents per year (translating to around 
30-60% of the projected 2050 emissions from 
agriculture under the reference diet), and 
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Figure 1 | Dietary transitions. Tilman and Clark" find that the global average diet in 2050 (‘reference 
diet’; estimated on the basis of current income-dependent trends in food consumption) will have a high 
content of ‘empty’ calories (such as from alcohol and added sugar), meat and other animal products, 
similar to diets now prevalent in high-income countries. They show that this dietary transition will 
greatly increase the incidence of non-communicable diseases such as type II diabetes and coronary heart 
disease, and will be a major contributor to agricultural greenhouse-gas emissions and land clearing. By 
contrast, their analysis suggests that alternative diets that are richer in fruits, vegetables and pulses could 
both reduce these environmental effects and offer substantial health benefits. 
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cropland requirements would be reduced by 
450 million to 600 million hectares (about 
20-30% of the projected 2050 cropland area for 
the reference diet) if any one of these alternative 
diets were adopted by the world’s population. 
The authors conclude that “the implementation 
of dietary solutions ... is a global challenge, and 
opportunity, of great environmental and public 
health importance”. 

How certain are these effects? The link found 
by Tilman and Clark between diets and health 
is astonishingly strong, and they used only 
data that had been corrected for other lifestyle 
factors. However, as the authors rightly stress, 
their data are not meant to compare the alter- 
native diets with each other, nor to imply that 
other diets might not show even higher health 
benefits. Future research should aim to expand 
the empirical basis for the connection between 
diet and health, and to further investigate the 
mechanisms behind it. 

Consistent with other LCA review studies’, 
the authors’ data analysis shows that green- 
house-gas emissions are highest for ruminant 
meat, followed by other animal products, and 
lowest for most cereals, fruits, vegetables and 
pulses. However, LCA data purely reflect the 
current state of production systems, and cannot 
take into account potential efficiency improve- 
ments*. Other uncertainties arise from the 
limited scalability of LCA data and agricul- 
tural systems in general. For example, it is not 
clear if vegetable production can be scaled up 
while maintaining low greenhouse-gas emis- 
sions (for example, because there are higher 
emissions from growth in greenhouses), and 
changes in livestock consumption and pro- 
duction will also lead to nonlinear effects, 
feedback and leakages’ not captured by LCA 
factors. Marine biologists will also question 
the scalability of fish production; current 
levels already overexploit natural stocks, and 
any increase beyond the sustainable global fish- 
eries catch will have to come from aquaculture, 
as Tilman and Clark suggest — but expansion 
of aquaculture will have to rely mostly on land- 
based feed. However, although such scalability 
issues should receive further attention, the 
overall advantage of the alternative diets 
compared with the reference diet, in terms of 
emissions, is probably a robust finding. 

Predictions of future land requirements 
for food products and the corresponding 
environmental consequences are much more 
uncertain than the emissions predictions, and 
strongly depend on assumptions about future 
crop yields, livestock technology and trade. The 
projected change in global cropland found by 
Tilman and Clark for the ir 2050 reference diet 
is higher than the highest estimates in a recent 
comparison of global agro-economic models®. 
However, the authors find that the reduction in 
global cropland that would be achieved by the 
alternative diets is rather constant when vary- 
ing the most uncertain determinants of their 
projection in a sensitivity analysis. 


With such clear health and environmental 
benefits of alternative diets, what could be 
done with this knowledge? First, it can be used 
by everybody to make informed consumption 
choices. But individual choices are strongly 
influenced by the ‘food environment’ — factors 
such as shop proximity, food prices, food and 
nutrition programmes, labelling schemes and 
community characteristics. Governments 
and other agencies play a part in shaping 
these environments to support healthier and 
more-sustainable food choices, and increased 
efforts to include both health and environmen- 
tal factors in dietary guidelines will be key to 
promoting behavioural change. 

Furthermore, addressing consumption 
should be accompanied by measures on the 
production side, because regulations at the 
source of a problem are often the most effec- 
tive. For example, agriculture and land-use 
change should be subject to targets and regu- 
lations similar to those for the energy and 


industry sectors. Such interventions will also 
help to include environmental costs in the price 
of resource-intensive food products and would 
therefore further influence individual choices. m 
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Tolerance lies in 


the timing 


During immune-cell development, potentially self-reactive T cells are 
eliminated. It emerges that recruitment of a co-receptor bound to the T-cell 
receptor by the enzyme Lck is the rate-limiting step in this negative selection. 


NICHOLAS R. J. GASCOIGNE 


process that enables the immune system to 

be poised to respond to potential patho- 
gens without inappropriately responding to 
the body’s own molecules. As T cells of the 
immune system develop in the thymus, those 
whose T-cell receptor (TCR) binds to a ligand 
with high strength — an indication that the 
ligand belongs to a self-molecule — are induced 
to die. Writing in Cell, Stepanek et al.’ identify a 
molecular mechanism to explain the relation- 
ship between TCR recognition strength and 
this negative selection. The mechanism they 
propose is based on the ‘kinetic proofreading’ 
model originally put forward nearly 20 years 
ago for T-cell activation’, which suggests that 
the induction of an activating signal requires 
the TCR to bind to its ligand for long enough 
that the resulting downstream signalling can- 
not be stopped by the eventual TCR-ligand 
dissociation. The novelty in Stepanek and col- 
leagues’ work is that they have linked the half- 
life of this interaction to the recruitment of the 
signalling molecule Lck to the interaction com- 
plex, which turns out to be a rather rare event. 
Each mature T cell expresses a slightly 
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different TCR that will bind to a complex 
formed of a specific short peptide (the anti- 
gen) and a major histocompatibility complex 
(MHC) protein on the surface of antigen- 
presenting cells. The strength of this binding 
determines the strength of the signal trans- 
duced in the T cell. If the antigen is from a for- 
eign organism, this signal needs to be strong 
enough to activate the cell to respond appro- 
priately to the potential pathogen. But because 
the TCR repertoire is generated in immature T 
cells (thymocytes) ina fairly random way, some 
TCRs will recognize self-antigens, and these 
cells need to be deleted by negative selection 
during T-cell development. The challenge in 
understanding this process has been to deter- 
mine how a continuous variable — the strength 
of MHC-peptide binding to the TCR — can 
be translated into a digital response, in which 
too-strong signalling leads to death, whereas 
signalling below this threshold induces posi- 
tive selection, leading to thymocyte survival 
and differentiation into mature naive T cells. 
In addition to the TCR, developing thymo- 
cytes express cell-surface co-receptor proteins, 
called CD4 and CD8, which bind to MHC 
class Il (MHCI1) and class I (MHCI) pro- 
teins, respectively. Thymocytes bearing TCRs 
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Figure 1 | Dwell time determines selection outcomes in thymocytes. T-cell receptors (TCRs) recognize 
antigen molecules bound to major histocompatibility (MHC) proteins. The strength of signal transmitted 
by this interaction determines whether a developing thymocyte is selected to survive (positive selection, 
induced by not-too-strong signals) or die (negative selection, induced by strong signals indicative of 
self-antigens). Signal strength is also influenced by the recruitment of T-cell co-receptors to the complex. 
a, Stepanek et al.' show that co-receptors that are not bound by the protein Lck bind only briefly to MHC 
before dissociating (indicated by arrows). b, By contrast, co-receptors with bound Lck stay associated 
with the TCR-MHC complex for longer, owing to interactions between the active site of Lck and the CD3 
proteins that are associated with the TCR. This longer dwell time leads to the sustained signalling required 
to induce negative selection. (P denotes protein phosphorylation.) 


that recognize MHCII lose CD8 co-receptor 
expression and become CD4*" T cells, whereas 
MHCTI-restricted thymocytes develop into 
CD8" T cells. Expression of these co-receptors 
enhances cellular sensitivity to antigen, mainly 
through their recruitment of Lck, a kinase 
enzyme required for triggering TCR signalling, 
into the vicinity of the ligated TCR. 

The same research group had previously 
identified ligands that define the threshold 
between positive and negative selection for 
MHCI-restricted TCRs**. Now, they have 
extended this to MHCIlI-restricted TCRs, 
and measured the binding affinity of various 
MHCII-peptide complexes to the TCR at the 
negative-selection threshold. They find that 
the affinity thresholds are similar — around 
450 micromolar (uM) for MHCI and around 
300 uM for MHCII. However, when they used 
direct imaging to measure the half-life, or ‘dwell 
time; of these threshold ligands binding to live 
thymocytes, they found larger differences. 

These on-cell binding measurements 
include the effects of binding of the MHC- 
peptide complex to both the TCR and the 
co-receptor; CD8 binds to MHCI more 
strongly than CD4 binds to MHCII. Asa 
result, the dwell time for the interaction of the 
MHCI threshold ligands with immature pre- 
selection thymocytes is about 0.9 seconds, 
whereas that for MHCII threshold ligands was 
calculated to be about 0.2 s (unfortunately, it 
was too short to be measured directly). But 
a 0.9-s dwell time in the MHCI system cor- 
responds to the dwell time for strongly neg- 
ative-selecting ligands in the MHCII system, 
making it difficult to see how the same TCR 


signal strength can be translated into different 
functional outcomes in the two systems. 

To solve this conundrum, the researchers 
considered the different roles of the co-recep- 
tors in recruiting Lck to the TCR signalling 
complex. Both CD4 and CD8 bind Lck ina 
similar way, but CD4 binds rather better than 
CD68 (ref. 5). Stepanek and co-workers meas- 
ured the amount of Lck that was bound to the 
two co-receptors in unstimulated thymocytes, 
and found that only around 7% of CD4 mol- 
ecules and around 0.6% of CD8 were bound 
by Lck. When they factored in the proportion 
of Lck molecules that were active (on the basis 
of phosphorylation at a specific site), they were 
left with a paltry 1.8% and 0.16%, respectively. 
The authors also showed that a CD8 molecule 
engineered to use the Lck-binding site from 
CD4 lowered the negative-selection threshold, 
such that ligands that were normally at the 
threshold became strong negative selectors 
and ligands that were just within the positive- 
selection range were tipped over the threshold 
into the negative-selecting realm. 

The authors then mathematically modelled 
the effect of differential co-receptor-Lck cou- 
pling on T-cell activation. The model that best 
fits the data proposes that the probability of a 
Lck-bound co-receptor being recruited to the 
TCR-MHC-peptide complex is the crucial 
factor in kinetic proofreading, because only 
Lck-bound co-receptors stay bound to the 
signalling complex long enough to transmit a 
negative-selection signal (Fig. 1). The proba- 
bility of CD8-Lck being recruited is lower than 
that of CD4-Lck, so the TCR complex will 
need to ‘examine’ more CD8 molecules than 
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CD4 molecules before it finds one that bears 
active Lck. Thus, alonger TCR-MHC-peptide 
dwell time is required when CD8 is involved. 

Although this model provides a molecular 
mechanism for how developing thymocytes 
translate TCR dwell time into distinct signal- 
ling and functional outcomes, and how this 
varies between MHCI- and MHCII-restricted 
thymocytes, there are some points that it does 
not resolve. For example, antigen-independent 
co-receptor interaction with MHC molecules 
can concentrate MHC at the interface between 
an antigen-presenting cell and a thymocyte, 
with the effect of speeding the rate at which the 
TCR can bind to MHC-peptide’. Because of the 
higher affinity of CD8 for MHCI than of CD4 
for MHCIL, this effect will be more marked for 
MHCI-restricted TCRs and might lower the 
threshold affinity, but not dwell time, for signal- 
ling. Moreover, concentration at this interface 
also applies to the co-receptor and its associated 
Lck, so CD8 should be more concentrated than 
CD4, and the density of CD8-associated Lck at 
the interface could be higher than estimates 
obtained from whole-cell analyses. 

Another potentially confounding point is 
that formation of the TCR signalling complex 
has been identified as a two-step interaction, 
in which the co-receptor binds to MHC to 
stabilize the complex only after TCR binding 
and early signalling events lead to Lck inter- 
action with the TCR complex’ ’. According to 
this model, Lck-bound co-receptors preferen- 
tially associate with TCRs that have just bound 
MHC-peptide, which would make the propor- 
tion of Lck molecules that are associated with 
co-receptors less important than in Stepanek 
and colleagues’ model. 

Despite such unresolved details, the new 
model is an attractive variant of the kinetic- 
proofreading model for T-cell activation, 
taking into account features of Lck and co- 
receptor interactions that were not previously 
accommodated. In particular, co-receptor-Lck 
interactions change during T-cell differentia- 
tion”®, in parallel with changes in antigen sen- 
sitivity, and the co-receptor-scanning model 
provides a simple mechanistic explanation for 
this phenomenon. 
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Belowground biodiversity and 
ecosystem functioning 


Richard D. Bardgett’ & Wim H. van der Putten”? 


Evidence is mounting that the immense diversity of microorganisms and animals that live belowground contributes sig- 
nificantly to shaping aboveground biodiversity and the functioning of terrestrial ecosystems. Our understanding of how 
this belowground biodiversity is distributed, and how it regulates the structure and functioning of terrestrial ecosystems, 
is rapidly growing. Evidence also points to soil biodiversity as having a key role in determining the ecological and evolu- 
tionary responses of terrestrial ecosystems to current and future environmental change. Here we review recent progress 


and propose avenues for further research in this field. 


directed at understanding how biodiversity loss impacts ecosystem 

functioning, and the influence of this on the goods and services that 
ecosystems provide’. This research has led to the general consensus that 
biodiversity loss reduces most ecosystem functions and impairs their sta- 
bility over time, and that functional traits of species have a major role in 
determining diversity effects’. The majority of research on this topic, how- 
ever, has had an aboveground focus; as a result, our understanding of 
the functional consequences of biodiversity loss belowground is less well 
developed. This lack of knowledge hampers our ability to predict the con- 
sequences of realistic scenarios of diversity change, especially since below- 
ground biodiversity represents one of the largest reservoirs of biological 
diversity on Earth”’. 

Soil communities are extremely complex and diverse, with millions of 
species and billions of individual organisms being found within a single 
ecosystem (Table 1), ranging from microscopic bacteria and fungi, through 
to larger organisms, such as earthworms, ants and moles (Fig. 1). Our under- 
standing of this hidden biodiversity is limited, at least compared to what 
is known about aboveground diversity. But the last decade has witnessed 
a growing number of studies testing how belowground communities are 
distributed in space and time, how they respond to global change and what 
the consequences of biodiversity change are for plant community dynamics, 
aboveground trophic interactions, and biogeochemical cycles. Moreover, 
soil biodiversity research is now entering a new era: awareness is growing 
among scientists and policy makers of the importance of soil biodiversity 
for the supply of ecosystem goods and services to human society’; and a 
new generation of tools are available to interrogate the biology of soil and 
its ecological and evolutionary role. 

Here we explore advances in our understanding of the roles of below- 
ground biodiversity, and propose a pathway to further unravel its ecolog- 
ical and evolutionary function in the face of global change. Soil organisms 
perform a myriad of functions, but we focus here on their roles in nutrient 
and carbon cycling, plant community dynamics, and the eco-evolutionary 
responses of ecosystems to global change. We first bring together recent 
studies that have advanced our understanding of how soil biodiversity is 
distributed, and how soil diversity regulates ecosystem functions and the 
structure of terrestrial ecosystems. We then examine how soil biodiver- 
sity can mediate impacts of global change on the composition and func- 
tioning of terrestrial ecosystems, and explore emerging evidence for the 
role of soil biodiversity in the evolutionary dynamics of ecosystems. Finally, 


T he last two decades have witnessed an enormous research effort 


we highlight research challenges for the new era of soil biodiversity research, 
and propose a pathway for advancing understanding of the role of soil bio- 
diversity in determining eco-evolutionary responses to global change. 


Spatial patterns of soil biodiversity 


There is much dispute about how soil biodiversity is distributed across 
continental and global scales”®. Historically, soil microbial ecologists have 
been led by the view developed by Baas Becking in 1934 that “everything 
is everywhere, but, the environment selects”. Recent evidence, however, 
challenges this long-standing view’. Studies using molecular techniques, 
for example, show that bacterial, protistan®, mycorrhizal”"® and faunal’ 
taxa in soil have restricted global distributions due to variations in climatic, 
soil and plant conditions. Also, knowledge that exotic plant species are 
released from soil-borne pathogens in their new territories challenges the 
view that everything is everywhere’, and adds weight to the growing view 
that most soil organisms are restricted in their global distributions*"’. 

Another long-standing view in ecology is that species richness is max- 
imal in the tropics and gradually declines towards the poles’. The global 
biogeography of soil biota is uncertain due to a lack of data on patterns of 
occurrence across the world. What data are available indicate that while 
soil community composition varies across biomes”'!”’, clear relationships 
between latitude and species richness do not exist belowground as they 
do for many taxa aboveground. Other than for termites", we are not aware 
of any evidence that species richness of belowground taxa peaks in the 
tropics. For soil animals, including nematodes, mites and earthworms”, 
and mycorrhizal fungi””*, the only clear pattern is that diversity is high along 
most of the latitudinal gradient, and that it drops towards the poles. This 
suggests a lack of coupling between aboveground and belowground diver- 
sity at global scales, a view supported by the finding that areas considered 
aboveground biodiversity hotspots'*® had lower soil animal diversity than 
those that are not'’. This lack of coupling suggests that patterns of above- 
ground and belowground diversity are governed by different mechanisms*”, 
which are also scale dependent: local soil biodiversity is strongly driven 
by spatial heterogeneity, and the diversity of microhabitats found within 
a single, three-dimensional soil profile could be equivalent to that found 
aboveground within an entire ecosystem’’. 

Spatial patterns of soil biodiversity are shaped by a hierarchy of envir- 
onmental factors, intrinsic population processes, and disturbance and recol- 
onization events operating at different spatial and temporal scales'’”. At the 
smallest spatial scale (micrometre to millimetre), for example, distribution 


1Faculty of Life Sciences, Michael Smith Building, The University of Manchester, Manchester M13 9PT, United Kingdom. *Department of Terrestrial Ecology, Netherlands Institute of Ecology (NIOO-KNAW), 
PO Box 50, 6700 AB Wageningen, The Netherlands. ?Laboratory of Nematology, Wageningen University, PO Box 8123, 6700 ES Wageningen, The Netherlands. 
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Table 1 | Estimated diversity and abundance of soil taxa according to 
published literature, supported by expert judgment 


Taxon Diversity per amount Abundance 

soil or area (taxonomic (approximate) 

units indicated below) 
Prokaryotes* 100-9,000 cm~3 4-20 x 10?cm 3 
Fungit 200-235 g 1 100mg + 
AMF (species)?2-202 10-20 m-* 81-111 mcm? 
Protists® 150-1,200 (0.25g)"18 10*-10’m~? 
Nematodes (genera)!03105 10-100 m~* 2-90 x 10°m-? 
Enchytraeids?° 1-15ha-t 12,000-311,000 m~? 
Tardigrades?°° || 2 ? 
Collembola?°® 20m? 1-5 x 104m? 
Mites (Oribatida)!°>1°7 100-150m~? 1-10 x 104m? 
Isopoda?°5 10-100 m2 10m? 
Diplopoda?®5 10-2,500 m~? 110m? 
Earthworms (Oligochaeta)' 10-15ha™? 300m? 


Units can vary strongly between taxonomic groups, which is in part related to their size, but also whether 
the organisms are microscopic or macroscopic and whether identifications are based on morphology 
or on molecular and operational taxonomic units, or whether they are collected per gram, 100 g, or other 
soil volumes or surfaces. Estimates may differ substantially among soil types and ecosystems. A 
number of taxa have not been listed, including insects, ectomycorrhizal and ericoid mycorrhizal fungi, 
and vertebrate organisms (such as moles and voles). Numbers should be taken as preliminary given 
that most soil species have not yet been described, and because most estimates are based on single 
ecosystems or regions. We have used data proposed by the following experts: M. van der Heijden 
(arbuscular mycorrhizal fungi); V. Behan-Pelletier (mites); S. Geisen (protists); H. Helder (nematodes); 
M. Briones (enchytraeids and tardigrades); P. Lavelle and O. Schmidt (earthworms); supported with 
published data. Worldwide diversity includes aquatic and marine species'°°. Estimate of 7,000 
earthworm species worldwide is gross underestimation due to endemism?”. 

* Bacteria and Archaea (genome equivalents)”°; estimation of worldwide diversity®®. 

+ Ref. 97 (also includes mycorrhizal fungi)?®. 

£ Operational taxonomic units. 

§ Sequences. 

|| There are some 1,500 species of tardigrades known worldwide, but no estimate can be made about 
numbers of species and numbers of individuals per unit soil. 


patterns of soil biota are determined by microscale soil heterogeneity 
caused by variation in soil architecture and biotic interactions in pore space, 
including predator-prey interactions, ecosystem engineering by soil ani- 
mals and rooting patterns of plants. Root exudates also contribute to fine- 
scale (millimetre to centimetres) spatial patterns in microbial and animal 
communities'*”’, serving to trigger specific groups of microbes in the rhi- 
zosphere, such as nitrate-reducing bacteria and denitrifiers” and attract 
symbiotic organisms to roots, including mycorrhizal fungi and rhizobia”’, 
entomopathogenic nematodes” and microbial antagonists of soil pathogens” 
through chemical signals. At the local scale (centimetres to metres), spa- 
tial patterns in soil biota are often explained by variation in the physical 
and chemical properties of soil, such as soil water, and carbon and nutri- 
ent availability, along with the identity of dominant plants, which deter- 
mines the quantity and quality of substrates entering the soil’. At ecosystem, 
regional and continental scales (metres to thousands of kilometres), other 
factors suchas climate, topography, soil abiotic conditions, such as pH, car- 
bon and nutrient content, and continental isolation, have a more impor- 
tant role”. 

Studying spatial variability of soil biota is challenging given the enor- 
mous differences in the size of different soil organisms, which range from 
2 um for bacteria to more than 10 cm for earthworms, and up to a hectare 
for some soil fungi. Also, while microorganisms and some smaller fauna 
may be dispersed by wind, dispersal of larger-sized soil biota is limited by 
active movement, which is generally slow, ranging from 10-100 cm per year 
for nematodes to tens of metres per year for earthworms. As a result of 
these factors, coupled with inherent spatial variation in soil abiotic prop- 
erties and the patchiness of plants, soil organisms are not distributed homo- 
geneously in space; rather, belowground community composition is very 
fragmentary. In forests, for example, differences in litter quality beneath 


Figure 1 | A selection of organisms of the soil food web. a-o, The selection of 
organisms includes ectomycorrhizal (a) and decomposer fungi (b), bacteria 
(c), nematode (d), tardigrade (e), collembolan (f), mite (g), enchytraeid worm 
(h), millipede (i), centipede (j), earthworm (k), ants (1), woodlice (m), flatworm 
(n) and mole (0). All photographs are from the European Soil Biodiversity 
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Atlas, courtesy of A. Jones; individual photo credits are: K. Ritz (b, c); H. van 
Wijnen (d); Water bear in moss, Eye of Science/Science Photo Library (e); 

P. Henning Krog (f); D. Walter (g); J. Rombke (h); J. Mourek (i, j); 

D. Cluzeau (k); European Soil Biodiversity Atlas, Joint Research Centre (I, n); 
S Taiti (m); and H. Atter (0). 
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dominant tree species lead to patchy distributions of soil organisms”, 
whereas in semi-arid ecosystems, patterning of soil biota and nutrients 
are related to isolated areas of vegetation that create islands of fertility*®. 
Even in cultivated soils, patchy distribution of soil abiotic properties, such 
as pH and nutrient content, leads to strong patterning of soil organism 
distribution”, and in non-vegetated ecosystems, such as the Dry Valleys 
of Antarctica, distribution patterns of soil organisms are related to spatial 
patterns in soil carbon and moisture availability”. 


Temporal patterns of soil biodiversity 


Surprisingly few studies have examined temporal variability in soil bio- 
diversity, but those that have reveal that population sizes of soil organisms 
vary over timescales of days to seasons, to decades and millennia. Over short 
timescales, major drivers of microbial community dynamics are resource 
pulses, which trigger rapid microbial responses. For example, recent work 
using molecular tools has shown that sudden increases in soil water avail- 
ability following rainfall events after prolonged drought cause rapid and 
sequential resurrection of distinct, phylogenetically clustered groups of 
microorganisms over timescales ranging from minutes, to hours and days. 
Moreover, these rapid microbial responses are associated with significant 
pulses of nitrogen mineralization and CO, production from soil”*’. Resource 
pulses from root exudates also drive short-term temporal dynamics of soil 
biota, with consequences for nutrient cycling and plant nutrient supply. 
Research has shown, for example, that the time between photosynthesis 
and the transfer of carbon from leaves to soil organisms is extremely rapid, 
taking hours in grassland”’ or days in forests*’. Also, as much as half of this 
photosynthetic carbon can be lost from soil by respiration within hours 
or days'**’, again pointing to the role of root exudation as a major driver 
of the short-term dynamics of soil communities. Root exudation is also 
stimulated by biotic interactions with foliar** and root herbivores*, which 
trigger short-term pulses of microbial activity and nitrogen cycling in the 
rhizosphere that increase plant nutrient uptake and growth*”*. 

Soil biological communities also vary over seasonal and successional 
timescales of tens or thousands of years, driven by changes in soil moisture 
and temperature, and shifts in resource supply in relation to the growth of 
plants. The few studies that have examined seasonal patterns in soil ani- 
mal and microbial communities paint a complex picture. Studies of alpine 
ecosystems, for example, show that microbial communities display a com- 
plete turnover between winter and summer, with taxonomically and func- 
tionally distinct communities occurring at both times”. In agricultural soils, 
seasonal patterns in soil communities are also highly complex, varying with 
land use and crop type** and from year to year”. Even less is known about 
belowground community development over successional timescales, but 
a broad pattern appears to exist: at the onset of succession, soil food webs 
are composed of simple heterotrophic, microbial communities, and pho- 
tosynthetic and nitrogen-fixing bacteria, but with time they become more 
complex and stable, with increasing food chain length”, a reduced role of soil 
pathogens" and greater reliance on mycorrhizal fungi for plant nutrition”. 


Soil biodiversity and ecosystem processes 


Ecologists first began to seriously explore the importance of trophic inter- 
actions in soil for ecosystem processes in the early 1980s, with microcosm 
studies revealing their role in stimulating processes of decomposition and 
nutrient mineralization, and plant nutrient acquisition and growth*™». 
These studies paved the way for an explosion of research over the last two 
decades exploring the importance of belowground trophic interactions for 
example**“”, and trophic cascades*”** for ecosystem processes. Modelling 
studies have explored the consequences of changes in the architecture and 
connectedness of soil food webs for energy flux, food web stability and eco- 
system processes in real ecosystems***°. While these studies have increased 
recognition of the functional importance of soil organisms for biogeo- 
chemical processes, our understanding of the impact of species loss below- 
ground still has many gaps. From the research that has been done to examine 
relationships between soil species richness and ecosystem functioning, the 
main messages to emerge are that for nutrient cycling, diversity effects are 
of most importance at the low end of the diversity spectrum, and they are 
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dependent, in part, on species traits rather than species richness per se*!. 


Asa result, a common view is that there is high functional redundancy in 
soil communities for nutrient mineralization, and that changes in below- 
ground community composition, rather than species diversity, are of most 
importance for ecosystem functioning. 

New insights into the functional importance of belowground commu- 
nities have emerged from studies done in the field. For instance, a field exper- 
iment set up across a gradient of sites from the subarctic to the tropics 
showed that reductions in decomposer functional diversity consistently 
slowed rates of litter decomposition and carbon and nitrogen cycling”. 
Statistical models have also been used to show that changes in soil food 
web structure resulting from different land use intensities predicted pro- 
cesses of carbon and nitrogen cycling across a range of European sites, again 
demonstrating that shifts in soil food webs, in this case due to land use 
intensification, influence soil functioning under real-world field conditions”. 
Inarelated study, intensive agriculture was found to impair the resistance 
and resilience of the soil food web to drought, leading to increased loss of 
carbon and nitrogen from soil as greenhouse gases and in drainage waters; 
this was related to a reduction in the ‘slow fungal relative to the ‘fast’ bac- 
terial energy channel caused by intensive land use”, suggesting that changes 
in the asymmetry of these channels, in this case from land use, disrupts 
ecosystem functioning. 

The use of molecular approaches linked to field-based measures of soil 
carbon cycling has also shown that soil microorganisms regulate impacts 
of experimental warming on soil carbon and nitrogen dynamics in tallgrass 
prairie through differential stimulation of microbial populations and the 
signal intensity of genes involved in decomposition and nitrogen cycling”. 
Similar approaches have been used to reveal the functional role of root- 
associated fungi involved in ecosystem carbon dynamics in boreal forest, 
and to show how the compositional and functional attributes of soil micro- 
bial communities vary across continental gradients”. These are just a few 
examples, and while none explicitly test for soil diversity effects per se, they 
point at the diverse functional roles of soil organisms in biogeochemical 
cycles in situ. 


Soil biodiversity and community dynamics 


Over the last two decades, a major focus of soil biodiversity research has 
been to understand how soil biota impact vegetation dynamics. Tradi- 
tionally, vegetation dynamics have been explained on the basis of abiotic 
factors, such as climate and soil physico-chemical properties, and biotic 
factors such as aboveground herbivory. In recent years, however, it has 
become widely accepted that vegetation dynamics are also strongly influ- 
enced by interactions between plant roots and soil-borne herbivorous, path- 
ogenic, symbiotic and decomposer organisms, especially at local spatial 
scales. There was already some awareness in the 1990s about the role of 
soil biota, especially mycorrhizal fungi, root-feeding insects and soil-borne 
root pathogens as drivers of vegetation dynamics*'®’. But this became 
more widely recognized after the turn of the millennium with studies dem- 
onstrating the role of plant-soil feedbacks as drivers of plant diversity, 
abundance and succession*"** °°, and ecosystem engineers, such as earth- 
worms, in regulating vegetation dynamics”. 

Few studies have tested for effects of soil biodiversity on plant commu- 
nity composition, and these have either focused on soil diversity within 
single taxonomic groups, such as mycorrhizal fungi*”, or on manipulat- 
ing coarser taxonomic units, for example based on organism body size”®”’. 
These studies show that belowground diversity can influence plant com- 
munity diversity in both positive*”' and negative” ways, which points 
to the myriad of mechanisms by which complex soil communities impact 
plant growth, and the potential for differential effects of soil biota to cancel 
one another out™. Indeed, effects of soil biodiversity on vegetation dynamics 
operate through a variety of biotic interactions, which influence plant per- 
formance and vegetation dynamics directly, through altered herbivory, 
symbiosis, or pathogenesis, or indirectly through changing soil nutrient 
availability, predation on the plant-feeding organisms or symbionts, or 
changing interactions between plants and their aboveground multitrophic 
communities”. In the short term, these biotic interactions can change 
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the capacity of plant species to compete, facilitate, and reproduce, whereas 
longer-term effects influence fitness and evolutionary adaptation. 

An area that is especially rich in new discoveries concerns the role of 
plant secondary metabolites and defence signals in regulating belowground- 
aboveground interactions’”*”*. It was recently discovered that belowground 
hyphal networks of arbuscular mycorrhizal fungi act as a conduit for defence 
signals from plants attacked by herbivorous insects to adjacent non-attacked 
plants, thereby acting as an early warning system for herbivore attack”’. 
Also, foliar and shoot herbivory has been shown to exert a unique soil legacy 
effect which greatly influences the production of defence chemicals in 
succeeding plants, and that this legacy effect is mediated by alterations in 
soil fungal community composition”’. These studies illustrate that soil biota 
can impact plant growth by modifying biotic interactions between plants 
and their natural enemies, but the role of soil biodiversity in these pro- 
cesses remains unresolved. 

Considerable recent progress has been made in understanding the role 
of soil biodiversity in relation to disease suppression and symbiosis, and 
the use of molecular tools has revealed a previously unexpected diversity 
of rhizosphere microbes involved”*. A number of mechanisms have been 
put forward to explain why and how some soil-borne species contribute 
to disease suppression, including competition, predation and chemical com- 
munication, which collectively contribute to a form of soil biostasis from 
which many species cannot escape”’. However, new mechanisms are being 
proposed, such as the notion that the rhizosphere is a market place where 
roots and symbionts exchange carbohydrates for nutrients where co- 
operation can be rewarded, whereas cheating may be discouraged”*. 


Eco-evolutionary dynamics and environmental change 
Soil biodiversity is currently under threat from a range of anthropogenic 
pressures, but our understanding of how soil organisms adapt to rapid 
changes in their environment, whether they can do this fast enough to 
cope with novel environments, and how this adaptive capacity may relate 
to the level of soil biodiversity, is limited. A key challenge, therefore, is to 
determine how soil species respond to rapid environmental change, either 
through phenotypic plasticity, range shifts or by evolutionary adaptation, 
how these changes impact aboveground community re-organization and 
ecosystem functioning, and how the level of soil biodiversity may influence 
these processes (Fig. 2). 

Although scant, evidence is emerging that certain soil organisms have 
the capacity to respond rapidly to climate change. An analysis of temporal 


trends in fungal fruiting patterns in southern England, for example, revealed 
that climate change has advanced the first and extended the last fruiting 
date of many fungal species, with probable consequences for decomposition 
processes in soil”. Similarly, an analysis of herbarium records in Norway 
has revealed that the time of fruiting of mushrooms has changed consid- 
erably over recent years, although changes differ across taxa*®. Whether 
or not these responses were due to plasticity or evolutionary adaptation 
has not been established. However, it was recently shown that individual 
species of decomposer fungi can acclimate to climate change, with warm- 
acclimated fungi reducing their growth and respiration following warming”. 
Given that fungi are the primary agents of decomposition, these results 
suggest that thermal acclimation of fungi could potentially alter decom- 
position processes in a warmer world*. It was also recently shown that expo- 
sure to a new environment can trigger rapid evolutionary change in life 
history traits of a soil mite, Sancassania berlesei, which ultimately alters 
population dynamics of this species®’. Although not tested, such eco- 
evolutionary responses are likely to be widespread with impacts on com- 
munity dynamics and ecosystem functioning in soil. 

Changes in soil microbial community structure also have an impact on 
evolutionary processes, including patterns of natural selection on plant 
traits and plant responses to environmental change (Fig. 2). There is a huge 
body of historic literature reporting how rhizosphere microbes have an 
impact on plant traits related to nutrient acquisition, drought tolerance, 
and disease resistance, and ultimately plant fitness, although few studies 
have been done in non-managed ecosystems”. Recent research also shows 
that modification of soil microbial communities can impact selection on 
plant traits with, for example, drought-adapted microbial communities 
increasing plant fitness under this stress**. Similar specificity in selective 
advantage is exemplified by the finding that litter decomposition can be 
more rapid in soil beneath the host plant species, compared to when beneath 
a different plant species, the so-called home-field advantage*’. Home-field 
advantage effects are not always found and when they are, their strength 
is highly variable and context dependent. However, recent synthesis sug- 
gests that home-field effects are strongest when the quality of ‘home’ and 
‘away litters become more dissimilar, and hence that dissimilarity in plant 
communities and litter quality between the ‘home’ and ‘away’ locations 
are the most significant drivers of home-field effects*°. The mechanisms 
involved in these various community responses still need to be resolved, 
but it is evident that soil biodiversity has the potential to impact both evo- 
lutionary and ecological processes under global change through direct effects 
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Figure 2 | Belowground responses and feedbacks triggered by climate 
change. Climate change impacts soil biodiversity directly (a), through changes 
in temperature and moisture, and indirectly (b), through shifts in resource 
supply from plants. Combined, these cause changes in the physiology and 
growth of individual soil organisms, leading to changes in the diversity and 
composition of soil communities through altered functional responses 
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and biotic interactions (c). As a result, selection for new traits and life histories 
within soil communities will take place, which in turn drives eco-evolutionary 
dynamics of aboveground communities (e) and ecological feedbacks to 
ecosystem processes, including greenhouse gas emissions and leaching of 
dissolved carbon and nutrients from soil (f). 
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of pathogens, symbionts or root herbivores, as well as by indirect effects 
involving decomposer organisms in the soil. 

Soil biota may also have a role in eco-evolutionary dynamics of intro- 
duced exotic plant species (Box 1). An increasing number of studies show 
that introduced plant species have escaped negative feedback effects from 
soil biota®*’, thus supporting the enemy release hypothesis. As time pro- 
ceeds following invasion, however, the negative soil feedback may become 


BOX | 
Soil biodiversity, invasions and 
range shifts 


Conceptualized relationship between soil biodiversity and the 
introduction of invasive exotic plant species that originate from other 
continents (top row) and plant species that expand their range 
within the same continent (bottom row). All native biota (plants, 
aboveground insects and microbes, and belowground microbes and 
invertebrates) are in green and exotic biota in red. In the initial state 
(left), abundance of exotic plant species is low and impacts on 
belowground and aboveground biodiversity are minor. During the 
invasion state (middle), exotic plant species become disproportionally 
abundant and might evolve increased competitive ability in the 
absence of specialized enemies. This process may be more 
pronounced for intercontinental exotic plant species (top row) than 
intracontinental range shifts (bottom row), where aboveground 
enemies also can shift their ranges. In this invasion stage, soil and 
aboveground biodiversity usually declines owing to loss of specific 
host plant species, or because of exotic plant species that suppress 
specific biota by novel chemistry. During the naturalization state 
(right), soil microbial taxa might rapidly evolve under the influence of 
the exotic plant species, leading to native pathogens and decomposer 
organisms adapted to the exotic plant species. As specific pathogenic 
effects are usually stronger than specific decomposer effects, exotic 
plants become controlled. If soil biodiversity controls pathogen 
evolution, the chance of such evolution occurring is greater in the case 
of intercontinental exotic plant species (top row) than intracontinental 
range-shifting (bottom row) plant species, as the latter become 
colonized by range-shifting soil biota from the original range (red 
symbols). As a result, the abundance of exotic plant species becomes 
controlled, thereby contributing to their ecological naturalization. 
Intracontinental range-expanding plant species (bottom row) might 
enter a naturalization state faster than intercontinental exotics (top 
row), because aboveground enemies and, later on, soil biota from the 
native range can shift range as well, but at different rates. Note that 
these are only some examples for which evidence can be found in 
current literature; many other scenarios are possible as well, but these 
need further testing. 
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restored***, which would predict that invasiveness ultimately declines with 
increasing time since introduction (Box 1 Figure). In one study on Prunus 
serotina (black cherry), soil pathogens were more virulent in the native than 
in the non-native range”. These studies suggest that either the original 
pathogenic soil biota that cause negative feedback sooner or later are co- 
introduced, or that native soil pathogens in the new range become more 
virulent by rapid evolution. Indications of such rapid evolution emerge 
from studies on the introduced crucifer Alliaria petiolata in North America, 
which showed that soil decomposer communities of recently invaded sites 
are less capable of decomposing the toxic compounds of the introduced 
plant than microbial communities from sites that were invaded earlier”’. 
Also, following invasion, decomposer richness has been shown to decline 
and then increase again, suggesting that microbial communities may adapt” 
or become reorganized through dispersal, colonization and establish- 
ment processes. 


Outlook and challenges 


The last two decades of soil biodiversity research has revealed that below- 
ground communities are remarkably diverse and that they have a major 
role in shaping aboveground biodiversity and the functioning of terrest- 
rial ecosystems, as well as their ecological and evolutionary responses to 
environmental change. One of the biggest challenges for soil ecologists is 
to integrate this new understanding into existing and novel ecological frame- 
works in biodiversity-functioning research. Indeed, theory has lagged behind 
experimental work in soil ecology, and there is a pressing need to adapt 
existing and develop new theoretical models to explain patterns of below- 
ground community organization and use this to understand their impact 
on aboveground community dynamics and ecosystem functioning. 

There is also a need for improved understanding of the mechanisms 
that shape complex soil biological communities at different spatial and 
temporal scales. There is a dearth of information on spatial and temporal 
patterns of soil biodiversity, and this makes it difficult to develop new 
models explaining the structuring of soil communities. But the availability 
of soil biodiversity data is growing rapidly and with this comes the oppor- 
tunity to develop new frameworks for explaining patterns of community 
organization at different spatial and temporal scales, and to identify the 
ecological and evolutionary mechanisms that underlie them. Progress has 
been made in this area, for example through the use of network analysis 
to determine patterns of coexistence in soil microbial communities” 
and the application of new theories to the stability of food webs in soil”. 
However, a remaining challenge is to merge the complex tangle of biotic 
interactions that operate in soil into single integrative frameworks that also 
take into account the structural and chemical complexity of soil. 

Itis now clear that soil biodiversity affects multiple ecosystem processes, 
including biogeochemical cycles and eco-evolutionary dynamics in plant 
and aboveground communities in response to global change. However, 
questions remain over the relative roles of genetic, species and functional 
diversity in driving these processes, and the role of extrinsic factors in mod- 
ulating biodiversity-function relations, such as variations in soil fertility 
and the structural complexity of soil. Moreover, hardly anything is known 
about how belowground communities acclimate and adapt to rapid envi- 
ronmental change, although responses of soil biodiversity appear to impact 
aboveground evolutionary processes, including selection of plant traits in 
response to environmental change (Box 1 Figure). Such eco-evolutionary 
responses of belowground communities to rapid environmental change 
also have the potential to impact community dynamics and ecosystem func- 
tioning in soil, but so far this remains unexplored. 

Finally, a major goal for soil biodiversity research is to integrate what 
we learn into sustainable land management decisions, especially regard- 
ing new approaches to the maintenance and enhancement of soil fertility 
for food, feed and biomass production, the prevention of human disease, 
and the mitigation of climate change. As we highlight here, a new age of 
research is needed to meet these scientific challenges and to integrate such 
understanding into future land management and climate change mitiga- 
tion and adaptation strategies. 
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First cranial remains of agondwanatherian 
mammal reveal remarkable mosaicism 
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Previously known only from isolated teeth and lower jaw fragments recovered from the Cretaceous and Palaeogene of 
the Southern Hemisphere, the Gondwanatheria constitute the most poorly known of all major mammaliaform radiations. 
Here we report the discovery of the first skull material of a gondwanatherian, a complete and well-preserved cranium 
from Upper Cretaceous strata in Madagascar that we assign to a new genus and species. Phylogenetic analysis strongly 
supports its placement within Gondwanatheria, which are recognized as monophyletic and closely related to multituber- 
culates, an evolutionarily successful clade of Mesozoic mammals known almost exclusively from the Northern Hemisphere. 
The new taxon is the largest known mammaliaform from the Mesozoic of Gondwana. Its craniofacial anatomy reveals that 
it was herbivorous, large-eyed and agile, with well-developed high-frequency hearing and a keen sense of smell. The 
cranium exhibits a mosaic of primitive and derived features, the disparity of which is extreme and probably reflective of 


a long evolutionary history in geographic isolation. 


Mammalia Linnaeus, 1758 
Allotheria Marsh, 1880 
Gondwanatheria Mones, 1987 
Sudamericidae Scillato-Yané and Pascual, 1984 
Vintana sertichi gen. et sp. nov. 


Etymology. Vintana (Malagasy), luck, in reference to the circumstances 
of discovery of the holotype specimen. Species name after Joseph Sertich, 
discoverer of UA 9972. 
Holotype and only known specimen. A complete and well-preserved 
cranium, University of Antananarivo (UA) 9972 (Fig. 1; Supplementary 
Videos 1-3). 
Locality and horizon. Locality MAD 10-24, Upper Cretaceous (Maas- 
trichtian; 72.1-66.0 Myr ago) Lac Kinkony Member, Maevarano For- 
mation, Mahajanga Basin, northwestern Madagascar’. 
Diagnosis. Taxon differs from all other gondwanatherians in its large 
size and in exhibiting wear features on molariform tooth crowns indi- 
cating a distobuccal (rather than strictly distal) power stroke of the chew- 
ing cycle. Full diagnosis in Supplementary Information. 
Gondwanatherians are an enigmatic mammalian clade previously 
represented by only seven valid monotypic genera from the Cretaceous 
and Palaeogene of South America, Africa, India, Madagascar and the 
Antarctic Peninsula**. With the exception of a few dentary fragments, 
gondwanatherians were previously known only from isolated teeth’. No 
cranial or postcranial material has been assigned to the Gondwanatheria 
until now, a severe limitation that has left their phylogenetic position 
within Mammaliaformes uncertain and controversial. Virtually noth- 
ing is known of their life habits, aside from inferences that at least the 
larger sudamericids were herbivorous and ingested an abrasive diet*® 
and that ferugliotheriids were omnivorous’. The cranium described 
here, from the Late Cretaceous of Madagascar, is remarkably complete 


and well preserved and only the third known occurrence of a mam- 
maliaform cranium from the Cretaceous of Gondwana’*. It provides 
an unprecedented opportunity to more reliably assess gondwanather- 
ian relationships and to analyse various aspects of gondwanatherian 
palaeobiology. 


Dental features 


UA 9972 represents the first instance in which upper teeth of a gond- 
wanatherian mammal are associated in gnathic material. These teeth 
provide the foundation for assigning the specimen to a new genus and 
species and the opportunity to more comprehensively evaluate dental 
function and diet in gondwanatherians. 

Vintana sertichi has an upper dentition consisting of two incisors, 
no canine, one premolariform tooth, and four molariform teeth in each 
quadrant. Although the incisors themselves are not preserved, there are 
two long, curved alveoli in each premaxilla for enlarged, laterally com- 
pressed, procumbent, and probably ever-growing incisors that were well 
separated from the cheek teeth by a long diastema (Figs la, cand 2a, b). 
Based on its alveoli, the single, two-rooted premolariform tooth appears 
to have been small; neither the left nor right crowns are preserved in UA 
9972 (Figs 1c and 2c). Of the eight upper molariform teeth (MF) present 
in life in V. sertichi (four on each side), four heavily worn representatives 
(left MF2-4, right MF3) are preserved in UA 9972 (Fig. 2c). The molari- 
form cheek teeth have several salient characteristics: large size, hypsodont 
crowns (extremely worn in UA 9972), quadrangular occlusal profiles, 
occlusal surfaces worn essentially flat (with heaviest wear in more mesial 
molariforms, indicating a mesial-to-distal eruption sequence), numer- 
ous cementum-filled infundibula, cementum-filled furrows that inva- 
ginate from the buccal side but do not extend to the base of the crown, 
and multiple short roots supporting the periphery of the base of each 
crown (Fig. 2c, d; Supplementary Videos 4 and 5). The molariform teeth 
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Figure 1 | Cranium of the Cretaceous gondwanatherian mammal Vintana 
sertichi. a-e, Holotypic specimen, UA 9972, in right lateral (a), dorsal 

(b), ventral (c), anterior (d) and posterior (e) views, with micro-computed 
tomography-based, digitally-rendered image on the left and line drawing 


are also exceptional in that their occlusal surfaces face laterally as much 
as they do ventrally (Figs 1c, d and 2c). 

The enamel microstructure of the molariform teeth of V. sertichi 
retains many of the plesiomorphic characteristics of mammaliaform 
prismatic enamel (for example, single-layered schmelzmuster; non- 
decussating, small prisms). However, V. sertichi appears to be derived 
in possessing modified radial enamel consisting of prisms separated 
by prominent interrow sheets of interprismatic matrix (Extended Data 
Fig. 1), thus resembling other gondwanatherians from the Late Creta- 
ceous of Madagascar®”® and India’. 
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reconstruction on the right in each pair. Hypothetical incisor crowns shown in 
part a reconstruction only, and the last three upper molariforms (MF) on 
both sides and alveoli for the single premolariform tooth (PMF) and MF1 in 
part c reconstruction only. 


Craniofacial features 

The well-preserved and complete nature of UA 9972 permits the first 
insight into the craniofacial morphology of a gondwanatherian mam- 
mal. Superficially striking are its short, highly vaulted cranium, large 
orbits, elongated jugal flanges on widely flaring zygomatic arches, and 
strong klinorhynchy (Fig. 1; Supplementary Videos 1-3). However, more 
detailed examination reveals an array of primitive features reminiscent 
of the most basal mammaliaforms, or even non-mammaliaform cyno- 
donts, coupled with highly derived features unknown in any other Meso- 
zoic mammaliaform. 
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Figure 2 | Upper dentition of Vintana sertichi. a, b, Lateral (a) and dorsal 
(b) views of snout region developed from micro-computed tomography data 
showing position, size and orientation of alveoli of the mesial (red) and 
distal (blue) incisors. Dashed lines in a indicate hypothetical outlines of right 
incisor crowns. ¢, Ventral (occlusal) view of upper cheek-tooth dentition 
showing preserved right third molariform (MF3) and left second, third and 
fourth molariforms (MF2-4) and positions of alveoli for other cheek teeth, 
including the single right premolariform (PMF). d, Occlusal view of 
reconstructed left MF2-4 showing distribution of cementum-filled islets, 
furrows and synclines. 


The snout of Vintana exhibits a number of features that are unique 
among mammaliaforms (Fig. 1; Extended Data Figs 2a, b; 3a), includ- 
ing the retention ofa septomaxilla with both a large posterodorsal facial 
process and an intranarial process. The lacrimal bone is enormous and 
extends anteriorly to contact both the septomaxilla and premaxilla. The 
lacrimal and palatine bones of Vintana contribute significantly to the 
nasal cavity, thereby demonstrating in striking fashion that the iden- 
tity of adult bones comprising the walls of the cavity varies considerably 
among mammaliaform taxa. Micro-computed tomography allows the 
confident identification of a range of nasal cavity structures that have 
been difficult or impossible to visualize in other Mesozoic mammalia- 
forms. These include remnants of two turbinal elements, the crista semi- 
circularis and the first ethmoturbinal (including both its lateral and 
vertical roots), which mark the anterior and posterior boundaries of the 
lateral recess (fetal pars intermedia). Also clearly identifiable are the basal 
lamellae of the nasoturbinal and those from which the remaining eth- 
moturbinals emanated (on the frontal and palatine bones), the peripheral 
edges of the cribriform plate (on the frontal bone, separating the nasal 
cavity from the braincase), the posterior transverse lamina (on the pal- 
atine and orbitosphenoid bones, separating the cupular recess from the 
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nasopharyngeal canal), and the nasolacrimal canal/groove. Clear evidence 
of a maxilloturbinal is not preserved. The inferred presence of well- 
developed turbinal structures in Vintana bears witness to the extraor- 
dinary conservatism of mammaliaform internal nasal anatomy (despite 
its unusual bony composition) but is also consistent with the relatively 
massive size of the olfactory bulbs and the deep, long (~60% of cranial 
length) nasal cavity. 

No Mesozoic mammaliaform has a jugal as enlarged, and with as mas- 
sive a ventral flange, as that of Vintana (Fig. 1). The palate of Vintana 
is very narrow, has a rugose texture, and lacks vacuities or any sizable 
foramina (other than the incisive foramina anteriorly). Furthermore, 
the palatines are fused in the midline and extend forward to contact the 
premaxillae, thus excluding the maxillae from contacting one another 
in the midline; this feature is unique among Mammaliaformes but rem- 
iniscent of the condition in some derived tritylodontids". 

The lateral and ventral walls of the braincase also reveal a plethora 
of unusual features (Extended Data Fig. 2c, d), including an alisphenoid 
that is much larger than the anterior lamina of the petrosal, a robust and 
compact orbitosphenoid, a large bulbous ectopterygoid process (for pos- 
sible attachment of the lateral pterygoid muscle) anterior to foramen 
ovale, the lack of fusion between presphenoid and basisphenoid (des- 
pite the advanced age of the individual), a cavum epiptericum that is 
almost completely floored ventrally, a cavum supracochleare (for the 
geniculate ganglion of cranial nerve VII) that is separate from the cavum 
epiptericum (for the semilunar ganglion of cranial nerve V), preserva- 
tion of a possible process of the ossified pilae antotica and metoptica, 
anda single foramen (foramen ovale) for the mandibular division of the 
trigeminal nerve (cranial nerve V3) between the alisphenoid and the 
anterior lamina of the petrosal (as in non-mammaliaform cynodonts 
Megazostrodon and Haldanodon) but also possibly bordered by the pter- 
ygoid (unlike any known Mesozoic mammaliaform). 

The basicranium of Vintana is also unique among Mesozoic mam- 
maliamorphs in lacking a functional prootic canal and unusual in lack- 
ing a channel for the inferior petrosal sinus and any substantial branches 
of the stapedial system in the middle ear but in possessing an hiatus 
Fallopii that opens endocranially deep within the posterior wall of the 
cavum epiptericum (rather than in the lateral trough or at the anterior 
end of the petrosal), a tympanohyal that abuts the promontorium (as 
in monotremes), and a fossa incudis that is narrower than the epitym- 
panic recess (as in therians) (Extended Data Figs 2c, 4). Vintana is also 
primitive in retaining a basioccipital lappet on the cochlear housing, as 
in the mammaliamorphs Adelobasileus and Sinoconodon. In the occipital 
region of the cranium, Vintana is the only Mesozoic mammaliaform for 
which both a postparietal and paired tabulars, together comprising the 
interparietal, have been identified as discrete elements (Fig. le; Extended 
Data Figs 2a, c, 5). However, the presence of these elements may be more 
commonplace among Mesozoic mammaliaforms, as recently revealed 
for extant mammals”. Finally, many of the cranial elements of Vintana 
contain a remarkable amount of cancellous bone (diploé) compared to 
those of other Mesozoic mammaliaforms (Extended Data Figs 2a, cand 
3a), although a substantial amount is present in the basicranium of the 
much smaller Haldanodon”’. 


Endocranial and inner ear features 


The mosaicism of derived and primitive features in Vintana is also 
exhibited in its endocranial morphology, a digital reconstruction of 
which (Extended Data Fig. 3a) reveals that the brain was small and sim- 
ilar in relative size to those of basal mammaliaforms (encephalization 
quotient = 0.28-0.56). The olfactory bulbs were very large, occupying 
over 14% of endocranial volume. Unlike the condition in other Meso- 
zoic mammaliaforms, the endocast is strongly flexed (~32° between the 
olfactory bulbs and the post-olfactory endocast). The cochlear canal, 
part of the osseous labyrinth of the inner ear, is only slightly curved and 
short (5.39 mm), only about half the length of the promontorium (Ex- 
tended Data Fig. 3b). In these regards, Vintana resembles various non- 
mammaliaform cynodonts including tritylodontids, tritheledontids and 
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Sinoconodon. By contrast, the presence of both primary and secondary 
osseous laminae, a tractus foraminosus, and Rosenthal’s canal repres- 
ent much more derived characteristics of the mammaliaform inner ear. 


Palaeobiology 


Vintana sertichi is the largest known mammaliaform from the Meso- 
zoic of Gondwana, superseded in Laurasia only by the eutriconodontan 
Repenomamus giganticus from the Early Cretaceous of China”. Esti- 
mated from the length of the cranium (124.1 mm long), the body mass 
of V. sertichi was 8.95 kg (95% confidence interval = 5.59-14.32 kg) (see 
Supplementary Information). 

The direction of wear striations, orientation of enamel islets and syn- 
clines, and distribution of leading and trailing edges on the molariform 
teeth of Vintana indicate that the direction of the power stroke of the 
chewing cycle was primarily palinal (distal) (Extended Data Fig. 6), as 
in haramiyidans"’, multituberculates’*’” and other gondwanatherians’*””. 
However, Vintana appears to be unique among these clades in posses- 
sing a significant buccal component to the power stroke. This distobuccal 
direction is corroborated by biomechanical analyses of the moments gen- 
erated by the reconstructed primary jaw adductors around the dentary- 
squamosal joint axis (Extended Data Fig. 7; Supplementary Information). 
These analyses predict that Vintana had significantly higher bite forces 
than the similarly sized extant rodent Myocastor (Supplementary Infor- 
mation). Based on its large size, hypsodont molars and inferred rela- 
tively high bite forces, it is likely that Vintana had a mixed diet that 
included large, hard and/or abrasive food items such as roots, seeds or 
nut-like fruits, not unlike the abrasive, herbivorous diet inferred for other 
sudamericids**. 

When compared with a range of extant mammals, Vintana had very 
large orbits (30-32 mm in diameter) relative to cranial size (Extended 
Data Fig. 8a). Although orbital size tends to progressively overestimate 
eye size as body mass and orbital diameter increase”, it is likely that 
Vintana also had relatively large eyes, as is the case for various extant 
felids, bovids and cervids”*** (Extended Data Fig. 8a). Such large eyes 
could be consistent with either increased sensitivity under low light con- 
ditions or enhanced acuity across a range of ambient light levels, depend- 
ing on eye structure. Furthermore, the radii of curvature of the semicircular 
canals in Vintana are very large (mean = 2.86 mm) for its estimated body 
mass (Extended Data Fig. 8b). Among living mammals, large semicir- 
cular canal radii of curvature are generally associated with large eye size”. 
The semicircular canals of Vintana are also almost mutually orthogonal, 
with angles between the canals ranging from 91° to 94°. This configura- 
tion represents only minor deviation from 90° compared to that exhib- 
ited by most other Mesozoic synapsids (for example, angles between the 
anterior and posterior semicircular canals range from 102° to 157° in 
non-mammaliaform synapsids” and 65° to 80° in multituberculates”’, 
but between 80° and 105° in Cretaceous eutherians”). The large size and 
orthogonality of the semicircular canals suggest that Vintana had high 
vestibular sensitivity to angular head accelerations””®. These vestibular 
features may have evolved in order to stabilize large eyes during rapid 
and/or agile locomotion. 

The inner ear of Vintana also exhibits cochlear primary and second- 
ary osseous laminae and a cochlear canal that is relatively longer than 
in non-mammaliaform cynodonts but shorter than in extant therians 
(Extended Data Figs 3b, 8c). These cochlear features are probably asso- 
ciated with the presence ofa stiffand short basilar membrane’, suggest- 
ing that Vintana had some capacity for high frequency hearing (that is, 
higher than 20 kilohertz) but that its cochlea may have encoded a more 
limited range of frequencies than the cochleae of most extant therians. 

Finally, Vintana had very large olfactory bulbs relative to both its 
estimated body mass (Extended Data Fig. 8d) and endocranial volume 
(>14%). In this regard, it resembles some of the most basal mammalia- 
forms (for example, Morganucodon, Hadrocodium, Triconodon). Because 
the size of olfactory bulbs likely varies as a function of the number and size 
of the constituent glomeruli, which receive input from olfactory receptor 
neurons, it is reasonable to conclude that Vintana resembled many extant 
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therian mammals in having an expanded olfactory receptor gene com- 
plement and in being able to detect and discriminate among a large 
number of odorant types*”**. These comparative data on the sensory 
anatomy of Vintana indicate that it possessed a distinctive suite of 
sensory adaptations compared to most other Mesozoic mammaliaforms, 
including large eyes, some capacity for high frequency hearing, and a 
keen sense of smell. 


Phylogenetic relationships 


Gondwanatherians have been variously regarded as Paratheria™, Xenar- 
thra**, Multituberculata®”’, the sister-group to Multituberculata®***’, 
and Mammalia incertae sedis***. To assess the relationships of Gond- 
wanatheria to other mammaliaforms, and generic interrelationships 
within Gondwanatheria, we undertook both parsimony and Bayesian 
phylogenetic analyses of 87 cynodont taxa (mostly Mesozoic mamma- 
liaforms). This work builds upon previous data sets (see Supplementary 
Information) by modifying previously used characters, adding several 
new characters, and scoring several non-therian taxa not incorporated 
previously (see Supplementary Information for more detailed explana- 
tion of data, analysis and results). 

Our results indicate that Gondwanatheria are monophyletic, com- 
posed primarily of the Sudamericidae, of which Vintana is a member, 
as is the previously unassigned Greniodon’ (Fig. 3). In all analyses Gond- 
wanatheria are placed within the monophyletic Allotheria, including 
Haramiyavia, Thomasia, Arboroharamiya and Multituberculata (Figs 3, 
Supplementary Figs 1-4). Relationships among these clades, however, 
differ between different analytical approaches (see Supplementary Infor- 
mation). The clade containing Gondwanatheria is sister to Multituber- 
culata in the parsimony analysis (Fig. 3, Supplementary Fig. 1), whereas 
they are nested within the latter in the Bayesian analysis (Supplemen- 
tary Fig. 2). If this is indeed reflective of the true history of these clades, 
then several features generally accepted as plesiomorphic within Mam- 
maliamorpha must have re-evolved in the lineage represented by Vintana 
(for example, basioccipital wing overlapping the cochlear housing, large 
septomaxilla with intranarial process, single trigeminal foramen between 
anterior lamina and alisphenoid). 


Mosaicism and evolution in isolation 


Gondwanatherians are a strictly Gondwanan radiation, whereas mul- 
tituberculates, their closest relatives, are overwhelmingly Laurasian 
in distribution”’°”? (Fig. 3). The early evolution of gondwanatherians 
remains a mystery that can only be resolved with the discovery of more 
specimens from the tectonically most active interval of Gondwanan 
breakup (Middle Jurassic-Early Cretaceous). However, knowledge of 
the palaeogeographic history of Gondwana provides some insights con- 
cerning the lineage to which Vintana belongs. Madagascar, together with 
the Indian subcontinent, separated from Africa approximately 165 million 
years ago (Myr ago) and became fully isolated from Antarctica and Aus- 
tralia approximately 115-112 Myr ago, with Madagascar and the Indian 
subcontinent separating from each other about 88 Myr ago” ” (Fig. 3, 
bottom). The basal stock that ultimately led to Vintana, at 72-66 Myr ago, 
was therefore likely isolated on Indo-Madagascar for about 24-27 million 
years and on Madagascar alone for another approximately 16-22 million 
years, for a total duration of 40 to almost 50 million years. Interestingly, 
support for the isolation of the Indo-Malagasy gondwanatherians can 
be derived from the Bayesian phylogenetic analyses, which identify a node 
(Vintana+ Lavanify+ Bharattherium) exclusive of the South American 
and African forms (see Supplementary Information). 

The long period of geographic isolation of Indo-Madagascar and 
then Madagascar resulted in a latest Cretaceous Malagasy fauna that 
included a range of other unusual taxa (for example, massive predatory 
frogs®, herbivorous crocodyliforms™, and variously specialized theropod 
dinosaurs***’). The ghost lineages of these taxa are long and indicate 
minimum divergence times near the Early-Late Cretaceous boundary 
(100 Myr ago) or even earlier*. Similarly, molecular divergence dates 
indicate early origins on Madagascar for xenotyphloid blind snakes, 


27 NOVEMBER 2014 | VOL 515 | NATURE | 515 


©2014 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


Adelobasileus 
Hadrocodium 


> Morganucodontidae 
. i) Haldanodon 
Mammalia- eee 
formes: seudotribos 
(MEE Eutriconodonta 
2 Haramiyavia 
Mammalia Thomasia 


74 Arboroharamiya 


Gondwanatheria 


Sudamericidae 


> Plagiaulacidae 
[11 Rugosodon 
L| —~——_______|_ 7) Sinobaatar 


Le 
Multituberculata 


(55 Spalacotherioidea 


L@ (EEE Henosferus, Ambondro, Asfaltomylos 
[i «Vincelestes 
(4 Juramaia 


Cladotheria 


> Eomaia 


Triassic 


oplurid lizards and podocnemidid turtles**“*°. We hypothesize that 
these and other lineages were more broadly distributed across Gond- 
wana before fragmentation of the supercontinent, but became isola- 
ted on Indo-Madagascar when it separated from first Africa and then 
Antarctica and Australia. In this spatiotemporal context, Vintana appears 
to have retained several features reflective of its ancestry before early 
isolation from other Gondwanan landmasses on Indo-Madagascar and 
then Madagascar alone, but acquired its highly derived, unique mor- 
phology during 40-50 million years of evolution in isolation. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Global diets link environmental 
sustainability and human health 


David Tilman’? & Michael Clark! 


Diets link environmental and human health. Rising incomes and urbanization are driving a global dietary transition in 
which traditional diets are replaced by diets higher in refined sugars, refined fats, oils and meats. By 2050 these dietary 
trends, if unchecked, would be a major contributor to an estimated 80 per cent increase in global agricultural greenhouse 
gas emissions from food production and to global land clearing. Moreover, these dietary shifts are greatly increasing the 
incidence of type II diabetes, coronary heart disease and other chronic non-communicable diseases that lower global life 
expectancies. Alternative diets that offer substantial health benefits could, if widely adopted, reduce global agricultural 
greenhouse gas emissions, reduce land clearing and resultant species extinctions, and help prevent such diet-related 
chronic non-communicable diseases. The implementation of dietary solutions to the tightly linked diet-environment-— 
health trilemma is a global challenge, and opportunity, of great environmental and public health importance. 


Agriculture is having increasingly strong global impacts on both the 
environment’ and human health, often driven by dietary changes®°. 
Global agriculture and food production release more than 25% of all 
greenhouse gases (GHGs)*~, pollute fresh and marine waters with agro- 
chemicals’*, and use as cropland or pastureland about half of the ice-free 
land area of Earth’®. Despite the intensity and impacts of global agricul- 
ture, almost a billion people still suffer from inadequate diets and insecure 
food supplies'!’*. Moreover, the global transition towards diets high 
in processed foods, refined sugars, refined fats, oils and meats has con- 
tributed to 2.1 billion people becoming overweight or obese*"*. These 
dietary shifts and resulting increases in body mass indices (BMI) are 
associated with increased global incidences of chronic non-communicable 
diseases, especially type II diabetes, coronary heart disease and some 
cancers’ *’*-”?, which are predicted to become two-thirds of the global 
burden of disease if dietary trends continue*’®'”. In China, for instance, 
as incomes increased and diets changed”°, the incidence of type II dia- 
betes increased from <1% of its population in 1980 to 10% in 2008, 
partly because type II diabetes occurs at lower BMI levels and earlier in 
an individual’s life in Asian than in western populations’. Moreover, 
diet-driven increases in global food demand”*"?”* and increases in popu- 
lation are leading to clearing of tropical forests, savannas and grass- 
lands'*”*, which threatens species with extinction’? *”*”. 

Because it directly links and negatively affects human and environ- 
mental health, the global dietary transition is one of the great chal- 
lenges facing humanity. Meaningful solutions will not be easily achieved. 
Solutions will require analyses of the quantitative linkages between diets, 
the environment and human health, on which we focus here, and the 
efforts of nutritionists, agriculturists, public health professionals, edu- 
cators, policy makers and food industries. 

Here we compile and analyse global-level data to quantify relation- 
ships among diet, environmental sustainability and human health, evalu- 
ate potential future environmental impacts of the global dietary transition 
and explore some possible solutions to the diet-environment-health 
trilemma (Methods and Supplementary Information). To do so, we first 
expand on earlier food lifecycle analyses**° (LCAs) by searching for all 
published LCAs of GHG emissions of food crop, livestock, fishery and 
aquaculture production systems that delimited the full ‘cradle to farm 
gate’ portion of the food/crop lifecycle. Next we use about 50 years of data 


for 100 of the world’s more populous nations to analyse global dietary 
trends and their drivers, then use this information to forecast future 
diets should past trends continue. To quantify effects of alternative diets 
on mortality and on type II diabetes, cancer and chronic coronary heart 
disease, we compile and summarize results of studies encompassing ten 
million person-years of observations on diet and health. Finally, we 
combine these relationships with projected increases in global popu- 
lation to forecast global environmental implications of current dietary 
trajectories and to calculate the environmental benefits of diets assoc- 
iated with lower incidences of chronic non-communicable diseases. 


Lifecycle environmental impacts of foods 
Dietary composition strongly influences GHG emissions” **”’. The 120 
LCA publications that met our criteria report a total of 555 LCA ana- 
lyses on 82 types of crops and animal products, allowing us to calculate 
diet-related GHG emissions per gram protein, per kilocalorie and per 
serving from ‘cradle to farm gate’ (Fig. 1; Methods, Extended Data 
Tables 1-3). We express emissions as CO, warming equivalents, in 
grams (g) or gigatonnes (Gt) of CO, carbon equivalents (CO3-C,,). 
GHG emissions vary widely among foods (Fig. 1; Extended Data Table 3 
lists means, s.e.m. and number of data points). As is well known, relative 
to animal-based foods, plant-based foods have lower GHG emissions. 
This difference can be large; the largest we found was that ruminant meats 
(beef and lamb) have emissions per gram of protein that are about 250 
times those of legumes (Extended Data Table 3; Student’s t-test com- 
parison of means: P < 0.0001). Eggs, dairy, non-trawling seafood, tradi- 
tional (non-recirculating) aquaculture, poultry and pork all have much 
lower emissions per gram of protein than ruminant meats (Tukey range 
test comparing ruminant meats with each other item: P < 0.0001 for each 
comparison). However, when sustainably grazed on lands unsuitable for 
cropping and fed crop residues, ruminant dairy and meat production can 
increase food security, dietary quality, and provide environmental ben- 
efits via nutrient cycling**”*. How a given food is produced can also affect 
emissions. Seafood caught by trawling, in which nets are often dragged 
across the ocean floor, has emissions per gram of protein about 3 times 
those of non-trawling seafood (Fig. 1; Extended Data Table 3; t-test 
mean comparison: P = 0.017). Items within the same food group can 
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Figure 1 | Lifecycle GHG emissions (CO -C,,) for 22 different food types. 
The data are based on an analysis of 555 food production systems: a, per 
kilocalorie; b, per United States Department of Agriculture (USDA)-defined 
serving; c, per gram of protein. The mean and s.e.m. are shown for each case. 
Extended Data Tables 1-3 list data sources, items included in each of the 22 
food types and show the mean, s.e.m. and number of data points for each bar, 
respectively. NA, not applicable. 


also differ. For instance, among cereal grains, wheat has a fifth the GHG 
emissions per g protein of rice (t-test comparison: P = 0.002). 

Finally, to understand its environmental impacts, it is important to 
know the nutritional needs that a food meets and how much is con- 
sumed to do so. Fruits and vegetables are important sources of micro- 
nutrients, antioxidants and fibre. Unlike root crops and legumes, which 
are calorie-dense or protein-dense, most vegetables are not primarily 
consumed for calories or protein and should be evaluated by emissions 
per serving. For instance, 20 servings of vegetables have less GHG emis- 
sions than one serving of beef (Fig. 1b). However, fish and meats, which 
are high in protein, are also nutritionally dense foods that provide essen- 
tial fatty acids, minerals and vitamins**”’, and can have relatively low 
GHG emissions if eaten in moderation. Finally, the nutritional value of 
some foods can depend on how they are produced. For instance, in com- 
parison to grain-fed cattle, grass-fed beef and dairy have nutritionally 
superior fatty acid and vitamin content”. 


Global dietary change 


Although diets differ within and among nations and regions for a variety 
of climatic, cultural and historic reasons, diets have been changing in 
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fairly consistent ways as incomes and urbanization have increased 
globally during the past five decades*’. This dietary transition has many 
components, but, in broad outline, its magnitude and global nature are 
illustrated by trends in per capita demand for meat, empty calories and 
total calories (Fig. 2), where demand is defined as food brought into a 
household. 

As annual incomes (per capita real gross domestic product, GDP) 
increased from 1961 to 2009, there were concomitant increases in per 
capita daily demand for meat protein (Fig. 2a) within and among eight 
economically based groups of nations” (Extended Data Table 4). In 
2009, the richest 15 nations (Group A; Fig. 2a) had a 750% greater per 
capita demand for meat protein from ruminants, seafood, poultry and 
pork than the 24 poorest nations (Group F). Total protein demand 
also increased with income, but legume protein demand decreased as 
animal protein demand increased. India, a nation with low rates of meat 
consumption, is the major exception to an otherwise global trend in the 
income-dependence of demand for meat protein (Fig. 2a). China ini- 
tially had meat demand increase more rapidly with income than Groups 
A-F, but was similar to them by 2009. 

A second trend within and among economic groups is the income- 
dependent increase in demand for ‘empty calories’, here defined as cal- 
ories from refined fats, refined sugars, alcohols and oils (Fig. 2b). In 2009, 
Group A nations had an average per capita empty calorie demand of 
1,400 kcal per day, whereas demand was 285 kcal per day for Group F. 
The exception, China, is on an increasing but lower trajectory (Fig. 2b). 

A third trend is that total per capita caloric demand also increased 
with income (Fig. 2c), with China falling below the fitted trend, and 
Group A being above it. Because some food brought into homes (demand) 
is wasted’*, and the proportion wasted tends to increase with per capita 
GDP”, actual per capita consumption of meat, empty calories and total 
calories may be about 20%-25% lower than demand for the Group A 
nations and about 5% lower in Group F nations. This suggests that, in 
nations with per capita GDP above approximately $12,000 per year (in 
1990$), per capita total caloric consumption may be about 500 kcal per 
day greater than needed nutritionally. 

In total, annual data for 1961 to 2009 for China, India and six income- 
based groups of nations show that global dietary changes are associated 
with increased income (Fig. 2), which is itself associated with urbaniza- 
tion and industrial food production”®. When these trends are combined 
with forecasts of per capita income for the coming decades, we estimate 
that, relative to the average global diet of 2009, the 2050 global-average 
per capita income-dependent diet would have 15% more total calories 
and 11% more total protein, with dietary composition shifting to having 
61% more empty calories, 18% fewer servings of fruits and vegetables, 
2.7% less plant protein, 23% more pork and poultry, 31% more rumin- 
ant meat, 58% more dairy and egg and 82% more fish and seafood. 


Diet and human health 


Diet is an important determinant of human health. Many of the world’s 
poorest people have inadequate diets, and would have improved health 
were their diets to include more essential fatty acids, minerals, vitamins 
and protein from fish and meats and added calories and protein from 
other nutritionally appropriate sources'*”’. In contrast, diets of many 
people with moderate and higher incomes are shifting in ways (Fig. 2) 
associated with increases in non-communicable diseases’ including type 
II diabetes””’, coronary heart disease*’ and cancer”’, and with higher 
all-cause mortality rates'*??. 

A point of contrast to the detrimental health impacts of emerging 
global diets is provided by the benefits reported for three well-studied 
alternative diets. Here we summarize results from ten million person- 
years of observations across eight study cohorts** °° (Methods; Extended 
Data Table 5). For each cohort we use reported health outcome effect 
sizes that had been calculated after statistical control for potentially 
confounding variables to compare disease incidence rates of individuals 
who consumed typical omnivorous diets with those who had diets clas- 
sified as Mediterranean, pescetarian or vegetarian (Fig. 1a). These diets 
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Figure 2 | Dietary trends and income. Dependence of per capita daily 
dietary demand for: a, meat protein; b, refined sugars+ refined animal 
fats+oils+ alcohol; and ¢, calories on per capita gross domestic product (GDP 
measured in 1990 International Dollars). Each point is an annual datum for 


have different compositions. A vegetarian diet consists of grains, vege- 
tables, fruits, sugars, oils, eggs and dairy, and generally not more than 
one serving per month of meat or seafood. A pescetarian diet is a veget- 
arian diet that includes seafood. A Mediterranean diet is rich in vege- 
tables, fruit and seafood and includes grains, sugars, oils, eggs, dairy 
and moderate amounts of poultry, pork, lamb and beef. Omnivorous 
diets, such as the 2009 global-average diet and the income-dependent 
2050 diet, include all food groups. 

Relative to conventional omnivorous diets, across the three alterna- 
tive diets incidence rates of type II diabetes were reduced by 16%-41% 
and of cancer by 7%-13%, while relative mortality rates from coronary 
heart disease were 20%-26% lower and overall mortality rates for all causes 
combined were 0%-18% lower (Fig. 3). This summary illustrates the 
magnitudes of the health benefits associated with some widely adopted 
alternative diets. The alternative diets tend to have higher consumption 
of fruits, vegetables, nuts and pulses and lower empty calorie and meat 
consumption than the 2009 average global diet and the 2050 income- 
dependent diet (Extended Data Fig. 1). Our analyses are not designed 
to compare the health impacts of the three alternative diets with each 
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Figure 3 | Diet and health. Diet-dependent percentage reductions in relative 
risk of type II diabetes, cancer, coronary heart disease mortality and of all-cause 
mortality when comparing each alternative diet (Mediterranean, pescetarian 
and vegetarian) to its region’s conventional omnivorous diet (Methods). 
Results are based on cohort studies**. The mean and s.e.m. values shown are 
weighted by person-years of data for each study. Number of studies for each bar 
are, from left to right, 3, 2, 2, 1, 2, 2, 4, 2, 5, 13, 2 and 4. *Cancer in 
Mediterranean diets is from a single study so no s.e.m. is shown. 
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1961 to 2009 for India, China, and six economic groups containing 98 other 
nations (Extended Data Table 4). Fitted curves were used to forecast 2050 
income-dependent demand. 


other, nor to imply that other diets might not provide health benefits 
superior to these three diets. Indeed, the reported impacts of individual 
foods, such as deleterious impacts from sugars” and processed meats'?”, 
and benefits from nuts and olive oil*’, suggest that variants of these three 
diets may offer added health benefits, as may other diets. 


Environmental impacts of diets 

GHG emissions are highly dependent on diet’*’”” ™. Even foods that 
provide similar nutrition and have similar impacts on health can have 
markedly different lifecycle environmental impacts. Using LCA emis- 
sion data, we calculated annual per capita GHG emissions from food 
production (‘cradle to farm gate’) for the 2009 global-average diet, for 
the global-average income-dependent diet projected for 2050, and for 
Mediterranean, pescetarian and vegetarian diets (Fig. 4a). Global-average 
per capita dietary GHG emissions from crop and livestock production 
would increase 32% from 2009 to 2050 if global diets changed in the 
income-dependent ways illustrated in Fig. 2. All three alternative diets 
could reduce emissions from food production below those of the pro- 
jected 2050 income-dependent diet (Fig. 4a), with per capita reductions 
being 30%, 45% and 55% for the Mediterranean, pescetarian and veget- 
arian diets, respectively. However, minimizing environmental impacts 
does not necessarily maximize human health. Prepared items high in 
sugars, fats or carbohydrates can have low GHG emissions (Fig. 1) but be 
less healthy than foods they displace”. Solutions to the diet-environment- 
health trilemma should seek healthier diets that have low GHG emis- 
sions rather than diets that might minimize GHG emissions. 

Changes towards healthier diets can have globally significant GHG 
benefits (Fig. 4b). From 2009 to 2050 global population is projected to 
increase by 36% (ref. 10). When combined with the projected 32% 
increase in per capita emissions from income-dependent global dietary 
shifts, the net effect is an estimated 80% increase in global GHG emis- 
sions from food production (from 2.27 to 4.1 Gt yr of CO2-C,q).This 
increase of 1.8 Gtyr_ ' is equivalent to total 2010 global transportation 
emissions’. In contrast, there would be no net increase in food pro- 
duction emissions if by 2050 the global diet had become the average of 
the Mediterranean, pescetarian and vegetarian diets (Fig. 4b). 

Future global land clearing for agriculture could threaten species with 
extinction'” and release GHG beyond that from food production. How- 
ever, the extent of such land clearing is uncertain, variously projected 
to total from 0 to 10° hectares°”>*>“° by 2050, perhaps because of uncer- 
tainties about the future values of five factors: crop yields, agricultural 
and food waste, livestock yields from pastures, animal feed use efficiency 
and agricultural trade. Here we focus not on forecasting the absolute 
amount of cropland needed in 2050, but on estimating across many scen- 
arios (243 combinations of three values for each of the five factors; 
Methods) the differential impacts of diets on global cropland. The alter- 
native scenarios forecast a range of changes in cropland from 2009 to 
2050 for each diet (Fig. 4c). For each scenario we calculated the difference 
between projected 2050 land demands of the income-dependent diet 
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Figure 4 | Effect of diets on GHG emissions and cropland. a, Per capita 
food production GHG emissions for five diets (2009 global-average, 2050 

global income-dependent, Mediterranean, pescetarian and vegetarian). 

b, c, Forecasted 2009 to 2050 changes (2009 value set to 0) in global food 

emissions (b), and cropland for each diet (Methods; alternative scenarios, 


and of each alternative diet (Fig. 4d). Across these scenarios, the income- 
dependent diet requires from 370 to 740 million hectares more crop- 
land than the alternative diets, and averages 540 million hectares more 
(Fig. 4d). These results suggest that shifts towards healthier diets could 
substantially decrease future agricultural land demand and clearing, as 
could improvements in the five factors (Extended Data Table 6). Land 
clearing also leads to GHG emissions. Clearing 540 million hectares 
from 2010 to 2050 would release about 0.6 Gt yr! of CO2-Ceg. 

In addition to dietary shifts, other changes will be needed for agri- 
culture to become environmentally sustainable****!” If, by 2050, 
all forms of crop and food wastage’**' were globally reduced by 50%, 
food production emissions could be reduced by about 0.5Gtyr | of 
CO3-C,, relative to the 2050 income-dependent diet. Increases in use 
efficiencies of animal feeds (from those of Extended Data Table 7), fert- 
ilizer and irrigation, and improvements in pasture management and 
aquaculture would increase food production, decrease GHG emissions 
and improve water quality**”’*”. Increases in yields of under-yielding 
nations could also reduce emissions”. Climate change, though, can affect 
yields”, which could in turn have an impact on agricultural GHG emis- 
sions and land clearing. 


Discussion 


Dietary choices link environmental sustainability and human health. 
Current dietary trajectories (Fig. 2) are greatly increasing global inci- 
dences of type II diabetes, cancer and coronary heart disease. These 
dietary changes are causing globally significant increases in GHG emis- 
sions and contributing to land clearing. Although this pattern does not 
mean that healthier diets are necessarily more environmentally bene- 
ficial, nor that more environmentally beneficial diets are necessarily 
healthier, there are many alternative dietary options that should sub- 
stantially improve both human and environmental health. 

Our analyses demonstrate that there are plausible solutions to the 
diet-environment-health trilemma, diets already chosen by many peo- 
ple that, if widely adopted, would offer global environmental and public 
health benefits. Clearly, to appeal to specific segments of the global popu- 
lation, other such diets should also be developed. The health benefits 
of adopting such diets could be substantial. Chronic diet-related non- 
communicable diseases are affecting an increasing number of children 
and adults in all but the poorest nations. Nations ranging from China 
and India to Mexico, Nigeria and Tunisia are in the midst of this increas- 
ing disease incidence’’. Unless the nutrition transition that is under way 
is changed, diabetes, chronic heart disease and other diet-related chronic 
non-communicable diseases will become the dominant global disease 


such as lines 1-4, have fairly parallel trends) (c). d, 2050 global cropland 
reductions from alternative diets relative to income-dependent diet. The box 
and whisker plots (c, d) show mean (centre line) and percentiles below (2.5th, 
10th, 25th) and above it (75th, 90th, and 97.5th) based on 243 scenarios. 


burden, often affecting even the poorer members of poorer nations for 
whom appropriate health care is unavailable’*’”. 

The dietary choices that individuals make are influenced by culture, 
nutritional knowledge, price, availability, taste and convenience, all of 
which must be considered if the dietary transition that is taking place 
is to be counteracted. The evaluation and implementation of dietary 
solutions to the tightly linked diet-environment-health trilemma is a 
global challenge, and opportunity, of great environmental and public 
health importance. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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A positional Toll receptor code directs 
convergent extension in Drosophila 


Adam C. Paré!, Athea Vichas!, Christopher T. Fincher’, Zachary Mirman!, Dene L. Farrell’, Avantika Mainieri! & Jennifer A. Zallen! 


Elongation of the head-to-tail body axis by convergent extension is a conserved developmental process throughout 
metazoans. In Drosophila, patterns of transcription factor expression provide spatial cues that induce systematically 
oriented cell movements and promote tissue elongation. However, the mechanisms by which patterned transcriptional 
inputs control cell polarity and behaviour have long been elusive. We demonstrate that three Toll family receptors, 
Toll-2, Toll-6 and Toll-8, are expressed in overlapping transverse stripes along the anterior—posterior axis and act in 
combination to direct planar polarity and polarized cell rearrangements during convergent extension. Simultaneous 
disruption of all three receptors strongly reduces actomyosin-driven junctional remodelling and axis elongation, and an 
ectopic stripe of Toll receptor expression is sufficient to induce planar polarized actomyosin contractility. These results 
demonstrate that tissue-level patterns of Toll receptor expression provide spatial signals that link positional information 
from the anterior—posterior patterning system to the essential cell behaviours that drive convergent extension. 


A central question in developmental biology is how the diverse struc- 
tures of multicellular tissues are generated on a cellular and molecular 
level. Convergent extension, in which a tissue narrows along one axis 
and lengthens in a perpendicular direction, is a conserved tissue remod- 
elling process that elongates the head-to-tail body axis of many animals. 
Cell intercalation provides the driving force for convergent extension 
in frogs, fish, flies, chicks and mice’ >. This process is characterized bya 
striking directionality in which hundreds of cells align their movements 
along a common axis. In epithelial tissues, cell intercalation is mediated 
by spatially regulated actomyosin contractility, which induces locally 
oriented cell rearrangements that produce concerted elongation at the 
tissue scale™°. This mechanism was first discovered in Drosophila®°, and 
has since been shown to promote convergent extension in the vertebrate 
neural plate, primitive streak, kidney and notochord'’*. In Drosophila 
and Xenopus, the spatial cues that align cell movements with the tissue 
axes are not cell-intrinsic or long-range secreted signals. Instead, contact- 
dependent signals provide the critical spatial inputs that orient cell inter- 
calation®'”"*. In the Drosophila embryo, these inputs are mediated by 
the pair-rule transcription factors Eve and Runt, components of the 
embryonic anterior—posterior (AP) patterning system that are expressed 
in transverse stripes along the AP axis'’. When these striped patterns 
are disrupted, either in eve or runt mutants or in embryos overexpres- 
sing Eve or Runt at high levels, intercalary behaviours are reduced and 
misoriented*’””° and the actomyosin contractile machinery becomes 
mislocalized within cells°**’. Ectopic Eve or Runt expression perpendic- 
ular to their normal stripes is sufficient to reorient planar polarity in 
intercalating cells°, demonstrating that spatial patterns of Eve and Runt 
activity provide instructive polarity cues. However, the connection between 
transcriptional information provided by striped patterns of Eve and 
Runt activity and the effector molecules that generate polarized cell beha- 
viour during convergent extension has long been elusive”. 


A positional code of Toll receptor stripes 

To identify the targets of Eve and Runt that direct cell behaviour during 
convergent extension, we performed RNA sequencing on Drosophila 
embryos co-injected with eve and runt double-stranded RNAs (dsRNAs). 
Compared with water-injected controls, 42 genes were differentially 


expressed (P < 0.01, Extended Data Fig. la-c and Supplementary Table 1). 
As Eve and Runt can function as transcriptional repressors, we focused 
on the 24 genes that were significantly upregulated by eve/runt RNA 
interference (RNAi). This group included Toll-8 (also known as Tollo), 
which encodes a single-pass transmembrane protein containing 27 extra- 
cellular leucine-rich repeats (LRRs) and a conserved cytoplasmic Toll/ 
interleukin-1 receptor (TIR) domain. The related gene Toll-2 (also known 
as 18-wheeler) was also upregulated by eve/runt RNAi. Toll-2 and Toll- 
8 belong to the Toll receptor family that regulates innate immunity in 
arthropods and vertebrates’? *’. The founding member of this family, 
Toll, is essential for dorsal-ventral patterning in Drosophila’*, and the 
paralogues Toll-2, Toll-6, Toll-7 and Toll-8 are expressed in stripes in 
patterns reminiscent of the pair-rule genes”**'. As members of this family 
can influence cell adhesion and epithelial morphology*’*’, we focused 
on Toll receptors as candidate effectors of Eve and Runt that could regulate 
polarized cell behaviour during convergent extension. 

To determine whether the striped expression of Toll family receptors 
requires Eve and Runt activity, we analysed their expression by fluor- 
escence in situ hybridization**. In wild-type embryos, Toll-2 is expressed 
in 13 stripes in the germband, of which the odd-numbered stripes coin- 
cide with Runt (Fig. 1a, d and Extended Data Fig. 2a, d)’*’. Toll-6 and 
Toll-8 are each expressed in 6 partially overlapping stripes, with Toll-6 
expressed anterior to the stripes of high Toll-2 expression and Toll-8 
expressed between them (Fig. 1b, c, e, f, m, nand Extended Data Fig. 2b, 
c, e; f). Toll-7 was detected at low levels during axis elongation (Extended 
Data Fig. 1d and Supplementary Table 1). The 13 Toll-2 stripes collapsed 
into 6 broad stripes in eve and runt mutants (Fig. 1g, j). Toll-6 levels 
were reduced and Toll-8 was nearly absent in eve mutants (Fig. 1h, i), 
whereas Toll-6 and Toll-8 were upregulated and more uniformly ex- 
pressed in runt mutants (Fig. 1k, 1). The Toll-8 protein fused to YFP 
and expressed from its endogenous regulatory sequences localized to 
the plasma membrane, with cells in the middle of each stripe showing 
stronger signal with no obvious overall planar polarity (Fig. 10). There- 
fore, neighbouring cells along the AP axis express different combina- 
tions of Toll-2, Toll-6 and Toll-8 in an Eve- and Runt-dependent pattern 


(Fig. 1p). 
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Toll-8-Y FP. 


Figure 1 | Cells express different combinations of Toll-2, Toll-6 and Toll-8 
along the anterior—posterior axis. a-n, Toll-2 (red), Toll-6 (cyan) and Toll-8 
(green) mRNA expression in wild-type (WT) (a-f, m, n), eve mutant (g-i), 
and runt mutant (j-l) embryos during early (stage 7, a-c, m, n) and mid- 
elongation (stage 8, d-I). m, n, Toll-6 (cyan) is expressed anterior to the strong 
Toll-2 stripes (red) and Toll-8 (green) is expressed between them. o, Toll-8-YFP 
protein in a stage 7 Toll-8 mutant. p, Schematic of Toll-2, Toll-6 and Toll-8 
expression. Numbers, parasegments; vertical lines, parasegmental boundaries. 
Anterior left, ventral down. Scale bars, 100 um (a-I), 20 um (m-o). 


Toll receptors direct cell intercalation 

We next investigated whether Toll-2, Toll-6 and Toll-8 are required 
for convergent extension, as predicted for the targets of Eve and Runt 
that control cell behaviour. The wild-type germband epithelium dou- 
bles in length along the AP axis within the first 30 min of elongation 
(2.00 + 0.07-fold increase in length) (Fig. 2a-c). Axis elongation occurred 
normally in Toll-8 single mutants (Fig. 2c and Extended Data Fig. 3a, b, f). 
Therefore, we postulated that multiple Toll receptors act together to reg- 
ulate cell behaviour during elongation. To disrupt multiple Toll recep- 
tors simultaneously, we injected dsRNAs that specifically target Toll-2 
and Toll-6 into Toll-8 null mutant embryos (Extended Data Fig. le, f). 
Embryos defective for any one receptor elongated to a wild-type extent 
(Fig. 2b, c and Extended Data Fig. 3a, b, f). By contrast, axis elongation 
was reduced by nearly 20% in embryos defective for Toll-2 and Toll-6 
(1.83 + 0.03-fold, P< 0.02) and nearly 40% in embryos defective for 
Toll-2, Toll-6 and Toll-8 (1.61 + 0.04-fold, P< 0.001) (Supplementary 
Video 1), similar to eve and runt mutants (1.68 + 0.05-fold in eve and 
1.64 + 0.02-fold in runt, P < 0.01) (Fig. 2c and Extended Data Fig. 3d, f). 
In addition, we used TAL effector nucleases (TALENs)*’ to generate 
embryos that completely lack Toll-2, Toll-6 and Toll-8, and found that 
Toll-2,6,8 triple mutants display a significant reduction in axis elongation 
(Fig. 2b, c, Extended Data Figs 3e, fand 4 and Supplementary Video 2). 
These results demonstrate that Toll-2, Toll-6 and Toll-8 act in combi- 
nation to regulate axis elongation. 

Cell intercalation is the primary mechanism driving axis elongation 
in Drosophila’*"’. To determine whether Toll receptors are required 
for cell intercalation, we used automated methods to track cell behaviour 
in time-lapse movies”'”*. In embryos defective for any one Toll family 
receptor, the frequency of cell intercalation was similar to wild type 
(Fig. 2fand Extended Data Fig. 3a, b, g-i). By contrast, cell intercalation 
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was reduced by 17% in embryos defective for Toll-2 and Toll-6 (P < 0.03), 
19% in embryos defective for Toll-6 and Toll-8 (P< 0.02), and more 
than 30% in Toll-2,6,8 triple mutants (P < 0.001), accompanied by slower 
edge contraction (Fig. 2e, fand Extended Data Fig. 3c—e, g-j). Toll-2,6,8 
triple mutants were similar to runt mutants, although not quite as 
severe as eve mutants (Fig. 2e, f; Extended Data Fig. 3e, g-i). These 
results demonstrate that Toll-2, Toll-6 and Toll-8 promote cell inter- 
calation during axis elongation. 

For cell rearrangements to produce tissue elongation, intercalation 
must occur directionally through the contraction of interfaces between 
anterior and posterior neighbours (AP edges) and the formation of inter- 
faces between dorsal and ventral neighbours (DV edges) (Fig. 2d)”*. 
Contracting edges were correctly oriented in all Toll receptor-defective 
embryos (Extended Data Fig. 3k). By contrast, in more than one-third 
of cell rearrangements in Toll-2,6,8 mutants, new edges failed to form, 
were unstable, or formed in the wrong direction (36 + 4% of edges in 
Toll-2,6,8 vs 9.5 + 0.3% in wild type, P < 0.0001), similar to the defects 
in eve and runt mutants (34 + 4% in eve and 37 + 1% in runt, P=0.01) 
(Fig. 2g). Embryos defective for Toll-2 alone had intermediate defects, 
indicating that the other Toll receptors cannot fully substitute for Toll-2 
in orienting edge formation. These results indicate that Toll receptors 
are required for rapid edge contraction and directional edge formation, 
suggesting that a common mechanism underlies both steps of cell re- 
arrangement. Physical forces generated by the intercalation of subsets 
of cells can reinforce myosin polarity’® and trigger passive cell stretch- 
ing in neighbouring cells”’, perhaps allowing for substantial elongation 
in embryos that express a partial complement of Toll receptors. 


Toll receptors and planar polarity 


Cell intercalation in Drosophila is driven by the planar polarized activ- 
ity of myosin II, which promotes the contraction of AP edges*”, and 
Par-3, which excludes myosin and stabilizes adhesion at DV edges®". 
To determine whether Toll receptors are required for myosin II and 
Par-3 localization, we used automated methods to analyse planar polar- 
ity at single-cell resolution”. In wild-type embryos, myosin II was enriched 
1.30 + 0.02-fold at AP edges and Par-3 was enriched 1.71 + 0.03-fold 
at DV edges (Fig. 3a, e, f). By contrast, Toll-2,6,8 mutants had a 47% re- 
duction in myosin II planar polarity (1.16 + 0.01, P< 0.0001) anda 48% 
reduction in Par-3 planar polarity (1.37 + 0.02, P< 0.0001) (Fig. 3b, e, f). 
Similar defects were observed in runt mutants, although planar polar- 
ity was more severely affected in eve mutants (1.21 + 0.01 for Par-3 and 
1.09 + 0.02 for myosin, P < 0.0001) (Fig. 3c-f and Extended Data Fig. 5). 
Toll receptor expression is reduced in eve mutants, whereas runt 
mutants have increased expression (Fig. 1g-l), suggesting that distinct 
mechanisms may underlie the defects in these two backgrounds. Apical- 
basal polarity was unaffected in Toll receptor mutants (Extended Data 
Fig. 31), and planar polarity was not further reduced in Toll-2,6,7,8 qua- 
druple mutants (Extended Data Fig. 5g, h). These results demonstrate 
that Toll-2, Toll-6 and Toll-8 act together to regulate myosin II and 
Par-3 planar polarity. 

Par-3 and myosin II planar polarity displayed regional differences in 
Toll-2 mutants. Planar polarity occurred normally in Toll-8-expressing 
cells, most of which also express Toll-6, but was significantly reduced in 
Toll-8-negative cells, the majority of which do not express any Toll 
receptors (Fig. 3e, g, iand Extended Data Fig. 6a). Similarly, in Toll-6,8 
mutants, Toll-2-expressing cells had wild-type planar polarity, whereas 
cells that did not express any of these receptors had significant defects 
(Fig. 3h, j). Therefore, embryos expressing only one or two Toll recep- 
tors have localized planar polarity defects in the regions of missing 
receptor expression. 

In eve mutants, which almost completely lack planar polarized myo- 
sin, residual myosin cables still form at the posterior boundaries of Toll-2 
stripes (Fig. 4d and Extended Data Fig. 6b, c), suggesting that differ- 
ences in Toll receptor activity may induce planar polarity. To test this, 
we expressed Toll-2 and Toll-8 in stripes in the late embryo using the 
engrailed-Gal4 driver. The anterior boundary of each engrailed stripe 
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Figure 2 | Toll-2, Toll-6 and Toll-8 regulate cell intercalation and axis 
elongation. a, Stills from time-lapse movies of a wild-type (WT) embryo (top) 
and a Toll-8 mutant injected with Toll-2 and Toll-6 dsRNAs (Toll-2,6,8) 
(bottom). Resille-GFP (white). t = 0, onset of elongation. In wild type, nearly 
all initially adjacent cells become separated by intercalated cells (yellow dots). 
In Toll-2,6,8 embryos, many cells fail to separate. Anterior left, ventral down. 
Scale bar, 20 um. b, c, Axis elongation (tissue AP length relative to t = 0) 
over time (b) and at 30 min (c). d, Edge contraction and formation. e, f, Cell 
rearrangements over time (e) and at 30 min (f). Single average values were 
obtained for each embryo; plots show the mean + s.e.m. across embryos. 


is situated anterior to the denticle-forming cells, in a region where 
myosin II is not strongly planar polarized (Fig. 4a). Ectopic Toll-2 or 
Toll-8 led to a strong recruitment of myosin II to the anterior boundary 
of the engrailed domain (Fig. 4b, c, e and Supplementary Videos 3-5) 
and increased contractile activity at this boundary, as measured by 
laser ablation (Fig. 4f). These results demonstrate that local differences 
in Toll-2 or Toll-8 expression are sufficient to induce myosin planar 
polarity in vivo. 


Heterophilic Toll receptor interactions 


Drosophila Toll receptors are known to bind to Spatzle/DNT neurotrophin- 
related growth factors”*”*“", but the ligands detected by Toll receptors 
during convergent extension are not known. In one model, heterophilic 
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b-f, n = 3-8 embryos per genotype, 164-365 cells per embryo (Supplementary 
Table 2). g, Edge formation errors. n = 3-9 embryos per genotype, 42-104 
vertices per embryo. *P = 0.01-0.03, **P < 0.005 (unpaired t-test). WT 
(Spider-GFP); 2 (Resille-GFP + Toll-2 dsRNA); 6 (Resille-GFP + Toll-6 
dsRNA); 8 (Resille-GEFP; Toll-8°”''*°); 2,6 (Resille-GEP + Toll-2/Toll-6 
dsRNAs); 2,8 (Resille-GFP; Toll-8°"''*> + Toll-2 dsRNA); 6,8 (Toll-24”°/CyO; 
Toll-8°°, Toll-6°*, Spider-GFP); 2,6,8 i (Resille-GFP; Toll-8°?''*° + Toll-2/Toll-6 
dsRNAs); 2,6,8 (Toll-24”; Toll-8°°, Toll-6*, Spider-GFP); runt (runt™”®; 
Spider-GFP/+); eve (eve®3, Spider-GFP/+). 


interactions between receptors expressed on adjacent stripes of cells could 
induce actomyosin contractility at AP cell edges. Alternatively, homo- 
philic interactions between receptors expressed in the same stripe could 
suppress actomyosin contractility and stabilize adhesion at DV edges. 
To investigate these possibilities, we tested for interactions between 
Toll receptors in Drosophila S2R+ cells”. Cells expressing Toll-2 dis- 
played increased affinity for a soluble, pentamerized form of the Toll-8 
extracellular domain (Fig. 5a, b). By contrast, cells expressing Toll-2 
displayed decreased affinity for the Toll-2 extracellular domain (Fig. 5c, d). 
These results indicate that Toll-2 and Toll-8 can interact in a hetero- 
philic manner in cultured cells. 

To test whether Toll receptors can promote interactions between 
cells, we performed cell-mixing experiments. Drosophila S2R+ cells 
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Figure 4 | Myosin II localization and activity are enhanced at boundaries of 
Toll-2 and Toll-8 expression. a—c, Stage 15 embryos expressing control 
B-catenin-HA (a), Toll-2-HA (b), or Toll-8—HA (c) expressed with engrailed- 
Gal4. Myosin II (green, white), HA (red). Arrows, anterior boundary of the 
engrailed domain. Ventral views. Scale bar, 10 j1m. d, Myosin levels are 
increased at the posterior boundary of Toll-2 stripes in eve mutants 

(P = 0.00001). All edges oriented 75-90° relative to the AP axis (AP) or edges 
only at anterior (Ant) or posterior (Post) boundaries of Toll-2 stripes; edge 
values were normalized to average edge intensity. e, Myosin levels are increased 
at the anterior boundary of ectopic Toll-2 and Toll-8 expression. f, Peak 
retraction velocities following laser ablation are increased at the anterior 
boundary of ectopic Toll-8 expression. Horizontal line, median; boxes, second 
and third quartiles; whiskers, 95% confidence interval. Single average values 
were obtained for each embryo; plots show the distribution of values across 
embryos. *P = 0.008, **P = 0.0001 (unpaired t-test). d, e, n = 6-15 embryos 
per genotype, f, n = 16-17 ablations per genotype (Supplementary Table 2). 


normally do not aggregate, but cells expressing Toll-2, Toll-6, or Toll-8 
aggregated with untransfected cells at high frequency, indicating that these 
receptors can bind to proteins present on S2R+ cells (Fig. 5e, f, k)****. 
Homophilic interactions between cells were not enhanced by Toll recep- 
tor expression (Fig. 5k). By contrast, Toll-2-positive cells formed extens- 
ive heterophilic contacts with cells expressing Toll-6 and/or Toll-8, 
creating chains of cells expressing alternating Toll receptors (Fig. 5g-k). 
Heterophilic interactions were not observed between cells expressing 
Toll-6 and Toll-8, which are often coexpressed within the same stripes 
(Fig. 1p). These results indicate that Toll-2 can promote heterophilic 
interactions with cells expressing Toll-6 or Toll-8. Embryos expressing 
any one receptor still display significant planar polarity and intercalary 
behaviour, suggesting that these proteins also interact with additional 
binding partners to generate planar polarity. 


Discussion 


Together, these results demonstrate that the spatial signals that estab- 
lish planar polarity and direct polarized cell behaviour during conver- 
gent extension in Drosophila are encoded at the cell surface by three 
Toll family receptors expressed in overlapping stripes along the AP axis 
of the embryo. Simultaneous disruption of Toll-2, Toll-6 and Toll-8 
significantly impairs planar polarity, cell intercalation, and convergent 
extension, and removing one or two receptors disrupts planar polarity 
in distinct subsets of cells, indicating that these proteins serve non- 
redundant and highly localized functions. These findings support a model 
in which planar polarity is induced by interactions between neighbour- 
ing cells with different levels of Toll receptor activity (Fig. 51). There- 
fore, Drosophila Toll receptors provide the basis of a spatial code that 
translates patterned Eve and Runt transcriptional activity into planar 
polarized actomyosin contractility, linking positional information pro- 
vided by the embryonic AP patterning system to the essential cell beha- 
viours that drive convergent extension. The Toll receptor code is incomplete 
in certain regions, such as the parasegmental boundaries, suggesting 
the existence of additional polarity cues at these interfaces. Toll-2,6,8 
mutants are similar to runt mutants with respect to all measures of cell 
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Figure 5 | Toll receptors mediate heterophilic interactions between cells. 
a-d, Drosophila S2R+ cells expressing Toll-2-HA (red) incubated with 
pentamerized Toll-8 (a, b) or Toll-2 (c, d) extracellular domains (ECD) (green). 
Toll-8 ECD bound more strongly (b) and Toll-2 ECD bound less strongly (d) to 
Toll-2-positive (Toll-2+) cells compared with Toll-2-negative (Toll-2—) cells 
(P < 0.00001, unpaired t-test). Horizontal line, median; boxes, second and 
third quartiles; whiskers, 95% confidence interval. e-k, Interactions between 
cells expressing myosin-GFP (cyan, sample listed before the / symbol) or 
myosin-mCherry (red, sample listed after the / symbol) with the indicated 
Toll receptors (—, myosin marker alone). Receptor-expressing cells displayed 
increased binding to untransfected cells (P = 0.0001, Chi-square test). 
Heterophilic binding was increased between cells expressing Toll-2 and Toll-6 
(P = 0.0003), Toll-2 and Toll-8 (P< 0.05), and Toll-2 and Toll-6 + Toll-8 
(P< 0.0001) (Chi-square test). *P = 0.01-0.05, **P < 0.0003. 1, Model 
showing heterophilic interactions between Toll receptors recruit myosin II, 
promoting oriented cell rearrangements and convergent extension. 

b, d, n = 170-176 cells per condition, k, n = 85-123 transfected cells per 
condition (Supplementary Table 2). Scale bars, 20 um (a, ¢, g-j), 100 um (e, f). 


rearrangement and planar polarity, but are not as severe as eve mutants. 
Thus, although Toll-2,6,8 mutants recapitulate much of the eve mutant 
phenotype, Eve likely has additional targets important for planar polarity. 

Toll family receptors have a highly conserved structure in vertebrates 
and invertebrates, including extracellular LRR motifs that are often 
present in proteins involved in cell adhesion and cell-cell recognition”. 
Although individual receptors are not orthologous between flies and 
humans”, mammalian Toll-like receptors are required for epithelial re- 
generation and wound healing, processes that involve dynamic and 
spatially regulated changes in cell adhesion****. In the innate immune 
system, pathogen detection by Toll family receptors activates transcrip- 
tional pathways mediated by NF-KB and MAP kinase signalling” ”°. 
However, the spatial information provided by patterned Toll receptor 
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expression in Drosophila, as well as the rapid timescale of cell rearran- 
gements during convergent extension, suggest a more direct connection 
between Toll receptor signalling and the cellular contractile machinery. 
Consistent with this possibility, activation of mammalian Toll-like recep- 
tors in dendritic cells induces a rapid remodelling of the actin cytoske- 
leton” and mammalian Toll-like receptors can inhibit neurite outgrowth 
and trigger rapid growth cone collapse in neurons**”’, reminiscent of 
Toll receptor functions in the Drosophila nervous system***!. Eluci- 
dating the mechanisms that link Toll family receptors to dynamic 
changes in cell polarity and behaviour may provide insight into con- 
served and relatively unexplored aspects of Toll receptor signalling. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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A dust-parallax distance of 19 megaparsecs to the 
supermassive black hole in NGC 4151 


Sebastian F. Hénig'?, Darach Watson', Makoto Kishimoto* & Jens Hjorth! 


The active galaxy NGC 4151 has a crucial role as one of only two ac- 
tive galactic nuclei for which black hole mass measurements based 
on emission line reverberation mapping can be calibrated against 
other dynamical techniques’*. Unfortunately, effective calibration 
requires accurate knowledge of the distance to NGC 4151, which is 
not at present available*. Recently reported distances range from 4 to 
29 megaparsecs* ’. Strong peculiar motions make a redshift-based dis- 
tance very uncertain, and the geometry of the galaxy and its nucleus 
prohibit accurate measurements using other techniques. Here we re- 
port a dust-parallax distance to NGC 4151 of 19.0+34 megaparsecs. 
The measurement is based on an adaptation of a geometric method 
that uses the emission line regions of active galaxies*. Because these 
regions are too small to be imaged with present technology, we use 
instead the ratio of the physical and angular sizes of the more ex- 
tended hot-dust emission’ as determined from time delays” and in- 
frared interferometry'’*. This distance leads to an approximately 
1.4-fold increase in the dynamical black hole mass, implying a cor- 
responding correction to emission line reverberation masses of black 
holes if they are calibrated against the two objects with additional 
dynamical masses. 

The central black hole in an active galactic nucleus (AGN) is sur- 
rounded by a putative accretion disk that emits predominantly in ultra- 
violet and optical wavelengths. At large distances from this central emission 
source, the gas is cool enough for dust to survive (temperature < 1,500 K). 
This “dusty torus’ absorbs the ultraviolet-optical radiation and ther- 
mally reemits the energy in the infrared. Thus, any variability in the 
ultraviolet-optical emission will be detected in the dust emission with 
some time delay. Near-infrared reverberation mapping measures the 
time lag, t, between the ultraviolet-optical variability and the corres- 
ponding changes in emission of the hot dust. The hottest dust is located 
at about the sublimation radius, Ryup = R(T ~ 1,500 K). The time lag 
can be converted into a physical size using R, = tc, where c is the speed 
of light. Typically, time lags are in the range of several tens to hundreds 
of days, which corresponds to physical sizes of the order of 0.1 pc, with 
a square-root dependence on luminosity’*”’. 

In parallel, infrared interferometry at the same wavelength measures 
the angular size, p, of the same emission region. The angular and phys- 
ical sizes are trigonometrically related by sin(p) = R,/Da, where Da is 
the angular-diameter distance to the object. For small angles, sin(p) ~ p 
and, accounting for cosmological time dilation, we obtain Da(Mpc) = 
0.173t(days)/(p(mas)(1 + z)), which forms the basis of the distance 
measurement presented here (Fig. 1). A geometric technique was first 
proposed for broad emission lines*. Unfortunately, the typical angular 
size of the broad-emission regions of bright AGNs is of the order of 
0.001-0.01 mas, which is too small to be spatially resolved with today’s 
optical long-baseline interferometers. The dust continuum emission, 
however, is larger by a factor of ~4, and infrared interferometers have 
now managed to resolve about a dozen AGNs'"'*"*"°, Moreover, using 
dust emission requires only photometric reverberation mapping instead 
of the spectral resolution of emission lines. Finally, dust physics is ar- 
guably easier to model than gas line emission. 


To determine the distance to the supermassive black hole in NGC 4151, 
we make use of interferometry obtained with the two Keck telescopes 
and monitoring data from the literature. V-(wavelength 0.55 j1m) and 
K-band (2.2 tm) photometric monitoring from 2001 to 2006"° traces 
the ultraviolet-optical and hot-dust emission, respectively. Because 
long-term brightness changes can cause t and p to increase or decrease, 
monitoring and interferometry data should be recorded more or less 
contemporaneously. We use six Keck interferometry measurements made 
between 2003 and 2010". These overlap with the monitoring data, 
and inspection of long-term brightness trends showed that fluctuations 
were moderate between 2000 and 2010"*. Indeed, no significant change 
in size has been detected for this set of interferometry and variability 
data’®””. 

When comparing angular and physical sizes, it is important to make 
sure that they refer to the same physical region. First, observations of the 
dust emission are preferably made at the same waveband (here the 
Kband). Second, the spatial distribution of the dust around the AGN 
affects the observed sizes (Fig. 1): dust that is homogeneously distributed 
will result in a larger apparent size than will a compact dusty region, 
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Figure 1 | Effect of the brightness distribution on the observed sizes and 
time lags. The bottom row (b) illustrates effects on the time lag signal of 
varying the brightness distribution (blue, optical; red, near-infrared), and the 
upper row (a) outlines the corresponding (interferometric) brightness 
distribution in the near-infrared. Compact distributions lead to shorter time 
lags and smaller interferometric radii than do shallow profiles. This 
information is encoded in the shape (width, amplitude) of the light curve. With 
a simple power-law parameterization, this smearing effect can be accounted 
for to determine the time lag and angular size of the innermost radius of 

the brightness distribution. The simultaneous modelling of light curves and 
interferometry results in a very precise angular distance measurement. 
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because for the former a larger region contributes to the emission at a 
given wavelength. As a consequence, the variability signal in the K band 
will show some degree of smoothing with respect to the Vband signal, 
depending on the distribution. This also involves a shift of the peak time 
lag. At the same time, the size measured by interferometry will appear 
correspondingly smaller or larger. This distribution effect in both types 
of data can be effectively modelled by means ofa disk model'”"*, assum- 
ing that the dust is heated by AGN radiation and the projected bright- 
ness distribution is represented by the power law S(r) «x 1” (Methods). 
This geometry is in line with theoretical expectations and observational 
evidence of the hot-dust region'””°. Indeed, the model has been success- 
fully applied to reproduce multiwavelength, multi-baseline interfero- 
metry of several AGNs'*”? (including NGC 4151), as well as the light 
curve of NGC 41517”, 

The common reference size in such a model is the inner radius, r;,, 
of the brightness distribution. For reverberation mapping and interfer- 
ometry, this corresponds to a reference time lag ti, = rin/c and angular 
SiZ€ Pin ~ Tin/Da of the inner boundary of the brightness distribution. 
Other parameters that may influence the observationally inferred phys- 
ical and angular size of r;, are the disk geometry of the emission region 
and the dust properties. For the inclination and disk orientation, we use 
observational constraints based on the dynamics of the emission line 
region in NGC 4151 and polarimetry” *°. We do not consider the radio 
jet in this study”®, because the available data do not allow both position 
angle and inclination to be reliably established at the same time. The 
absorption efficiency of the dust is implicitly included in our parame- 
terization of the brightness distribution. Moreover, the sublimation tem- 
perature does not affect the distance determination because it scales in 
the same way for the reference angular sizes and the reference time lags 
(Methods). 

Because the light curves are sampled with finite and varying gaps bet- 
ween the observations, we simulated 1,250 random, continuous repre- 
sentations of the data using the AGN variability pattern derived from 
the structure function. We calculated 1;,,, « and p;, simultaneously, given 
the observationally constrained inclination and disk orientation as priors. 
This resulted in 1,250 estimates of D,, which are shown in Fig. 2. An 
important feature of this process is that, although determining the re- 
ference time lag or the reference angular size individually is quite un- 
certain, both parameters are strongly correlated with the dust brightness 
distribution. Thus, the ratio, that is, D,, can be constrained with much 
higher precision than can the reference time lag or reference angular 
size individually, if t;, and p;, are calculated simultaneously given the 
inferred a. 

We obtain an angular-diameter distance to NGC4151 of Da = 
19.0134 Mpc (Fig, 2, inset probability distribution). The error bars in- 
clude statistical uncertainties from the reverberation and interferomet- 
ric observations, as well as the systematic uncertainties introduced by 
the geometry, the brightness distribution and the uncertainty in the con- 
tributions of the host and the putative accretion disk to the K-band in- 
terferometry. These uncertainties have been accounted for in Monte 
Carlo simulations when sampling the data (Methods). The new dis- 
tance clarifies the situation for NGC 4151. The galaxy is in the vicinity 
of the Virgo cluster (<30° angular separation from the Virgo cluster 
centre), resulting in strong peculiar motion with respect to the Hubble 
flow®”’. Therefore, any recession-velocity-dependent distance has to be 
considered uncertain. Geometric megamaser distances require that the 
nuclear region is seen very close to edge-on, which is generally not the 
case for unobscured AGN. Moreover, a direct distance estimate based 
on the Tully—Fisher relation is difficult because of the face-on view of 
the galactic disk, which makes it difficult to determine the required ro- 
tational velocities. Attempts to estimate the distance this way resulted 
in a wide range of values between ~4 and 20 Mpc (refs 5, 6). More re- 
cently, a luminosity distance of 29.2 + 0.5 Mpc was suggested on the 
basis of near-infrared reverberation mapping only and a model for the 
absorption and re-emission of dust, but cannot be reconciled with our 
new result or the other estimates’. 
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Figure 2 | Relating time lags and angular sizes to measure the absolute 
distance to NGC 4151. The coloured circles show the modelled reference 
time lags, t;,, and associated angular sizes, pj, (1,250 random realizations of 
the V-band light curve; 68% confidence interval shown as error bars). The 
dotted blue lines mark 7;,,/ pj, ratios corresponding to distances in the 
range Dy, = 14-24 Mpc. The distribution median and 68% confidence 
interval are marked by the dashed red line and the orange shaded area. 
Points are colour-coded to indicate the brightness distribution power-law 
index «, in the range « = 2 (red; shallow) to « = —15 (blue; steep). 

Inset, probability distribution function of the inferred distance, with 

mean and 68% confidence interval indicated by the dashed and dotted 
lines, respectively. 


The new precise distance to NGC 4151 is relevant because this galaxy 
is a cornerstone in calibrating black hole masses inferred by different 
methods’; apart from NGC 3227, it is the only galaxy with a suitable 
mass estimated from reverberation mapping, stellar and gas dynamics. 
Of both galaxies, NGC 4151 has much better mass constraints”, such that 
any systematic offset in distance will almost equally affect the calibra- 
tion of black hole masses. Dynamical mass estimates relate the rota- 
tional velocity field of stars or gas surrounding the black hole to their 
distances from the AGN. In the process, observed angular distances have 
to be converted into physical distances, which requires knowledge of the 
absolute distance to the galaxy. The most recent mass estimates assume 
that Da = 13.2 Mpc (refs 4, 28). A stellar-velocity-based mass was re- 
ported as Msp, = (3.76 + 1.15) x 10’Mo (ref. 4), where Mo is the solar 
mass. Our new measurement implies that this mass is underestimated 
by a factor of ~1.4, leading to a revised mass of M32 = (5.4+1.8) x 
10’ Mg. Similarly, the correction to the distance increases the gas dynam- 
ical mass” from MG? = 3.078-7° x 10’Mo to MGP = 4.3435 x 10’Mo. 

The new distance and the corrected values of Mp, and Mg also af- 
fect the correction factor f that has to be invoked when converting re- 
verberation time lags and velocities into black hole masses. The most 
recent reference value is f = 4.31 + 1.05, inferred from comparing rever- 
beration mapping masses with black hole masses determined from the 
established relation between black hole mass Mpy and bulge stellar ve- 
locity dispersion o» (ref. 29). By using our corrected values for the dy- 
namical black hole masses to calibrate the reverberation data!, we find 
a range of f = 5.2-6.5 (reflecting the difference between gas and stellar 
dynamical masses), implying a systematic shift to larger masses. Such 
larger fvalues may be generally applicable, as also suggested by com- 
plex modelling of velocity-resolved reverberation mapping data”. 
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An impenetrable barrier to ultrarelativistic electrons 
in the Van Allen radiation belts 


D.N. Baker!, A. N. Jaynes’, V.C. Hoxie, R. M. Thorne’, J. C. Foster’, X. Li', J. F. Fennell*, J. R. Wygant”, S. G. Kanekal®, 
P. J. Erickson?, W. Kurth’, W. Li?, Q. Ma?, Q. Schiller, L. Blum!, D. M. Malaspina, A. Gerrard® & L. J. Lanzerotti® 


Early observations’” indicated that the Earth’s Van Allen radiation 
belts could be separated into an inner zone dominated by high-energy 
protons and an outer zone dominated by high-energy electrons. Sub- 
sequent studies** showed that electrons of moderate energy (less than 
about one megaelectronvolt) often populate both zones, with a deep 
‘slot region largely devoid of particles between them. There is a region 
of dense cold plasma around the Earth known as the plasmasphere, 
the outer boundary of which is called the plasmapause. The two-belt 
radiation structure was explained as arising from strong electron in- 
teractions with plasmaspheric hiss just inside the plasmapause bound- 
ary’, with the inner edge of the outer radiation zone corresponding 
to the minimum plasmapause location’. Recent observations have 
revealed unexpected radiation belt morphology”®, especially at ultra- 
relativistic kinetic energies”® (more than five megaelectronvolts). 
Here we analyse an extended data set that reveals an exceedingly sharp 
inner boundary for the ultrarelativistic electrons. Additional, con- 
currently measured data" reveal that this barrier to inward electron 
radial transport does not arise because ofa physical boundary within 
the Earth’s intrinsic magnetic field, and that inward radial diffusion 
is unlikely to be inhibited by scattering by electromagnetic transmit- 
ter wave fields. Rather, we suggest that exceptionally slow natural 
inward radial diffusion combined with weak, but persistent, wave- 
particle pitch angle scattering deep inside the Earth’s plasmasphere 
can combine to create an almost impenetrable barrier through which 
the most energetic Van Allen belt electrons cannot migrate. 

Figure 1 shows that over the first 20 months (1 September 2012 to 1 
May 2014) of NASA’s Van Allen Probes” mission lifetime, highly rela- 
tivistic and ultrarelativistic electrons were present in substantial (but 
highly variable) numbers at a distance corresponding to a McIlwain 
L 2 3. (Lis the distance in Earth radii for a magnetic field line to cross 
the magnetic equatorial plane in a static magnetic field model.) However, 
such electrons were not discernibly present at lower L values. In fact, 
earlier observations made by instruments on the Combined Release 
and Radiations Effects Satellite’* and by the Solar, Anomalous, and 
Magnetospheric Particle Explorer'*-’’ mission suggested that the slot 
region and the inner zone can be filled with electrons many megaelec- 
tronvolts in energy only following the most extreme solar wind driving 
conditions. 

Figure 1 shows that none of the solar wind driving events (Fig. 1f, g) 
during the Van Allen Probes operational era transported electrons (~2 
to ~10 MeV) into the region with L < 2.8. Also, only very occasionally 
did the measured plasmapause boundary ever get forced inwards as close 
to the Earth as L ~ 3 (Fig. 1c). For most of the past two years, the plas- 
mapause has been situated beyond L ~ 4. The operational period of the 
Van Allen Probes missions has been relatively quiet geomagnetically, 
and the plasmasphere region often extended outwards to L ~ 5 or farther. 
Thus, contrary to prior expectations, the inner edge of the highly rela- 
tivistic electron population measured by the Relativistic Electron—Proton 


Telescope (REPT) on board each of the two probe spacecraft (Fig. 1c) 
was rarely collocated with the plasmapause. Instead, an almost complete 
lack of very high-energy electrons (in a region of slot morphology) was 
seen only (but persistently) for L < 2.8 (Fig. la-e). 

Figure 2 shows that the inner boundary of ultrarelativistic (~7.2 MeV) 
electron trapping is extremely sharp and stable for many months. Even 
when external solar wind driver events cause erosion of some part of the 
higher-L population, as on 2 September 2012 (Fig. 2a) or 1 March 2013 
(Fig. 2b), the ultrarelativistic electrons remained persistently high in 
intensity for L > 2.8 and showed no measureable flux for L < 2.8. Fur- 
thermore, as shown in Fig. 2c, when a solar wind shock wave impinged 
on the magnetosphere and drove the 7.2 MeV electrons inwards in a 
step-like fashion on 1 October 2013, these extremely high-energy elec- 
trons moved inwards only in such a way as to again have their inner 
boundary at L ~ 2.8. 

As shown in Fig. 3a—c, a sampling at 31 d intervals of radial profiles 
of particle fluxes over much of the Van Allen Probes lifetime shows no 
instance of any highly relativistic electrons migrating inwards of L = 2.8. 
The data also reveal that the boundary tends to become sharper (that 
is, have a steeper gradient of flux versus L) at higher electron energies. 
Furthermore, surveys of concurrently measured plasmaspheric hiss 
occurrence (Fig. 3d) from the Electric and Magnetic Field Instrument 
Suite and Integrated Science (EMFISIS) instrument’® on board the 
probe spacecraft show no sharp boundary or radial gradient change 
at L = 2.8 for these electromagnetic waves. Thus, the presence of such 
a clear, persistent and seemingly impenetrable barrier to inward trans- 
port of ultrarelativistic electrons at this very specific location presents 
a substantial puzzle. 

Multi-megaelectronvolt electron losses result from processes that scat- 
ter a particle’s pitch angle into the atmospheric loss cone. For example, 
Earth’s magnetic field exhibits the South Atlantic Anomaly (SAA), a 
region of weaker magnetic field strengths in a low-altitude region east 
of South America”. The effects of the expanded atmospheric loss cone 
associated with the SAA are centred near L ~ 1.5, with smaller mag- 
netic perturbations extending outwards to L > 3. Therefore, precip- 
itation of energetic electrons into the SAA would not be expected to 
produce the sharp boundary in trapped electrons observed at L = 2.8. 
Space weather monitoring sensor data from the Van Allen Probes 
confirm the presence of this sharp boundary (Extended Data Fig. 1). 
Data from a small, low-altitude spacecraft, the Colorado Student Space 
Weather Experiment (Extended Data Fig. 2), further confirm the view 
that an inward boundary exists at L ~ 2.8 for E> 3.8 MeV electrons 
that is quite separate from concurrently identified SAA effects. 

Another possible reason for the region of trapped electrons to have a 
sharp inward boundary could relate to the precipitation of energetic 
electrons induced by ground-based radio transmitters. Early work'*”” 
supported the view that powerful, very low-frequency (VLF) radio trans- 
mitters at fixed locations on Earth’s surface could cause substantial loss 
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Figure 1 | A 20-month overview of electron fluxes within the Earth’s Van 
Allen radiation belts. a-e, REPT-A instrument data”® from initial instrument 
turn-on (1 September 2012) until 1 May 2014. Each panel corresponds to a 
different electron energy, as shown, and is plotted as a representation of 
electron differential-spin-averaged fluxes colour-coded as indicated. The 

data are shown as functions of L on the vertical axis and time along the 
horizontal axis. Each panel shows electron measurements from L = 1.0 to ~6.5 
as covered by the highly elliptical Van Allen Probes"! orbits. By comparison 
with similar plots of data from the same instruments in earlier studies’, there is 
a smaller flux of energetic electrons for L < 2. This reflects a substantially 
improved REPT processing algorithm to remove background due to very 
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Figure 2 | Electron colour-coded data showing the sharp inner edge 
observed for ultrarelativistic electrons. These plots are similar to the format 
of Fig. 1la-e, but including the combined data from REPT-A and REPT-B”. 
The focus in this figure is upon 7.2 MeV (6.7-7.7 MeV) electrons (Fig. 1d). 

a, Sharp inner edge as seen in the L-time format for 1 September 2012 to 30 
September 2013. This relativistic electron ‘storage ring’ disappeared suddenly 
on 30 September 2012’, but before then the 7.2 MeV electrons never migrated 
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intense inner-zone proton fluxes in all the electron channels’. f, g, The 
concurrently measured solar wind speed (f) and the interplanetary magnetic 
field (magnitude (B), black; north-south component (B-), red) (g) upstream of 
the Earth. The broken black trace plotted over the REPT data in c shows the 
measured location of the plasmapause. This plasmapause location is derived 
from spacecraft potential measurements", which can be used as a proxy for 
local plasma density. We note that in a-e the highly energetic electrons 
measured by REPT sensors throughout the mission never seem to extend 
inwards of L ~ 2.8. This forms a particularly clear and sharp boundary for the 
ultrarelativistic electrons as shown in c-e. 
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inwards of L = 2.8. b, Similar to a, but showing REPT data from 1 February 
2013 to 15 March 2015. Throughout this period, the inner edge of the region of 
7.2 MeV electrons did not deviate from L = 2.8. c, Similar to a, but for the 
period from 1 September to 31 October 2013. From 1 September to 1 October, 
the 7.2 MeV electron fluxes slowly moved inwards towards L = 3.0. On 1 
October, an abrupt solar wind transient (shock wave) drove the storage ring 
inwards to a new equilibrium position with the inner edge once again at L ~ 2.8. 
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of otherwise stably trapped inner-zone electrons in the 100-500 keV 
energy range. Although some VLF transmitter power can leak into the 
inner magnetosphere, previous detailed analyses have shown’’ that VLF 
wave interactions (due to Doppler-shifted cyclotron resonances) from 
ground transmitters would only be substantial for electrons with energies 
<0.5 MeV and would be expected to be important only at mid-latitude 
locations where L < 2. We conclude that such man-made signals do not 
have a substantial effect on the ultrarelativistic particles (which should 
instead be much more efficiently scattered by lower-frequency hiss at 
L ~ 2.8 (ref. 20)). Thus, we do not believe that the sharp boundary of 
electron trapping at L = 2.8 described above for ultrarelativistic elec- 
trons is related to VLF radio transmitters or to special features in the 
geomagnetic field. Moreover, REPT pitch angle plots (Extended Data 
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Figure 3 | Electron flux radial profiles for selected outer Van Allen zone 
passages. Each colour-coded profile shows the differential directional flux 
measured by the REPT-A instrument during a passage of a Van Allen Probe 
spacecraft through the magnetosphere. Passes are chosen at 31 d intervals 

to sample the radiation belt properties under a wide variety of conditions 
throughout the mission lifetime. a, Sampled passes for the 3.6 MeV 

(3.2-4.0 MeV) REPT energy channel. b, Similar to a, but for the 5.6 MeV 
(5.0-6.2 MeV) REPT energy channel. c, Similar to a, but for the 7.2 MeV 
(6.7-7.7 MeV) energy channel. In all cases, the high-energy electron profiles 
never extend significantly inwards of L = 2.8. Also, the spatial flux gradients at 
the inner edge of the outer Van Allen belt tend to become steeper as energy 
increases. d, Statistical survey of plasmaspheric hiss occurrence frequency 

for the period of the Van Allen Probes mission (based on EMFISIS data 

(ref. 16)). No sharp boundary is seen at L = 2.8 (or elsewhere) in the radial 
occurrence distributions of the hiss. AL* is the minimum of the auroral 
electrojet index within the previous 3 h time period, derived from geomagnetic 
variations in ground magnetometer chain data. B,, is the magnetic field 
intensity of the hiss wave, and MLT is magnetic local time. 


Fig. 3) show no evidence of any sharp or discontinuous features in the 
angular distributions that might be associated with geophysical boun- 
daries or localized sources of wave interactions. 

As further shown in Extended Data Fig. 4, REPT-measured electron 
fluxes always peak at 90° pitch angles as the spacecraft remain near the 
magnetic equatorial plane (the spacecraft orbits have a 10° inclination). 
Therefore, strong scattering and isotropization is not evident in the data. 
The scattering lifetimes of highly relativistic electrons inside the plasma- 
pause are very long (Fig. 4), and so we do not believe that the observed 
sharp inner edge is due to some anomalous fast loss process. Thus, we 
conclude that the persistent inner edge represents a remarkably stable 
boundary where weak scattering losses are dominant over even weaker 
radial diffusion transport (Fig. 4). The fact that the inner edge can move 
abruptly during solar disturbances (Fig. 2) suggests that its location can 
be changed either by a pronounced increase in the radial diffusion rate 
or by further local acceleration. 

The inner edge of the relativistic electron population is a remarkable 
feature at all geographic longitudes (Extended Data Fig. 5). It has not 
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Figure 4| A comparison between the timescales for scattering loss and 
inward radial diffusion. The lifetime (D,,,)_' of energetic electrons due to 
pitch angle scattering by plasmaspheric hiss under weak-to-moderate 
geomagnetic activity (Fig. 3d), plotted (solid lines) as a function of L for two 
representative magnetic moments, 300 and 3,000 MeV Gl. Corresponding 
electron energies are shown along the top axis. The rates of inward radial 
diffusion and the corresponding transport timescales due to ultralow- 
frequency fluctuating electric (D,*)~! and magnetic (Di) ~' fields, based 
on the parameterization of ref. 27, are shown as dotted and dashed lines, 
respectively. For the ultrarelativistic population (3,000 MeV G’), the 
timescale for radial transport inside L ~ 3 exceeds 1,000 d, whereas the 
scattering loss time is comparable to 100 d. Consequently, any ultrarelativistic 
electrons that are injected near L ~ 3 will remain in place subject only to very 
slow loss to the atmosphere, thus accounting for the remarkable stability of 
the inner edge of the ultrarelativistic rings. The lower-energy electron 
population (<1 MeV) near L ~ 3 should decay much more rapidly, on a 
timescale of <10 d. This is also consistent with recent observations made using 
the Van Allen Probes”. 
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previously been discussed in the literature because we have never pre- 
viously had such accurate measurements at high energies. However, 
this inner edge being at such low L, well inside the plasmapause, seems 
to require that electron acceleration occur just outside this location. 
The radial transport of such electrons from the heart of the outer zone 
to L ~ 2.8 is usually very slow’ (on the timescale of years). Thus, the 
electrons would be significantly depleted (by several orders of magni- 
tude) by wave scattering during inward transport from the nominal 
plasmapause location at around four to five Earth radii (Fig. 4). Unless 
there occurs a prompt interplanetary-shock-induced acceleration like 
the March 1991 event”', we would favour a local wave acceleration pro- 
cess that occurs just outside the plasmapause*”’ when the plasmapause 
is pushed into the lower-L region. 

At present, we contend that the plasmapause location has a role in 
the formation of the inner edge, and that this requires a strong solar 
wind event to cause both the plasmasphere to erode through convection 
and the plasmapause to move to lower L. But once the ultrarelativistic 
electron population is formed at such low L, it will stay in place subject 
only to very slow decay on a timescale of 100 d (refs 23, 24). These results 
therefore demonstrate that extraordinarily strong spatial gradients can 
be maintained for quite long times in ultrarelativistic electron-trapping 
geometries. This has potential relevance both for plasma physics and for 
non-terrestrial cosmic systems that magnetically confine highly ener- 
getic particles”. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Phase competition underlies many remarkable and technologically 
important phenomena in transition metal oxides. Vanadium dioxide 
(VO,) exhibits a first-order metal-insulator transition (MIT) near 
room temperature, where conductivity is suppressed and the lattice 
changes from tetragonal to monoclinic on cooling. Ongoing attempts 
to explain this coupled structural and electronic transition begin with 
two alternative starting points: a Peierls MIT driven by instabilities 
in electron-lattice dynamics and a Mott MIT where strong electron- 
electron correlations drive charge localization’"°. A key missing piece 
of the VO, puzzle is the role of lattice vibrations. Moreover, a com- 
prehensive thermodynamic treatment must integrate both entropic 
and energetic aspects of the transition. Here we report that the en- 
tropy driving the MIT in VO, is dominated by strongly anharmonic 
phonons rather than electronic contributions, and provide a direct 
determination of phonon dispersions. Our ab initio calculations iden- 
tify softer bonding in the tetragonal phase, relative to the monoclinic 
phase, as the origin of the large vibrational entropy stabilizing the 
metallic rutile phase. They further reveal how a balance between higher 
entropy in the metal and orbital-driven lower energy in the insulator 
fully describes the thermodynamic forces controlling the MIT. Our 
study illustrates the critical role of anharmonic lattice dynamics in 
metal oxide phase competition, and provides guidance for the pre- 
dictive design of new materials. 

Vanadium dioxide is both an archetypical example of competing me- 
tallic and insulating phases’"'° and a material useful in applications such 
as field-effect transistors and ultrafast optoelectronic switches’”””. In 
the metallic tetragonal (rutile) phase above T. = 340 K, vanadium atoms 
form straight, equally spaced c-axis chains, whereas in the insulating 
monoclinic (M1) phase, they dimerize to form zigzag chains with un- 
equal spacings (Fig. 1c). Concurrently, an insulating gap opens in the 
electronic structure. Numerous studies indicate that changes in either 
electron-lattice (Peierls) or electron—electron (Mott) correlations can 
impact physical properties, particularly when doping or under external 
strains. However, our basic understanding of the MIT in VO, lacks an 
accurate description of lattice dynamics because the incoherent vana- 
dium neutron scattering cross-section hinders single-crystal inelastic neu- 
tron scattering (INS). Thus, attempts to elucidate VO; lattice dynamics 
have relied on indirect approaches such as Raman scattering"’, thermal 
diffuse scattering’* (TDS), Debye-Waller measurements’’, acoustic 
waves”° and INS studies of related materials’’. These results identified 
large vibrational amplitudes in the metallic phase’* and suggested a soft- 
mode phase transition associated with a particular lattice periodicity'*"* 
(the tetragonal R-wavevector in reciprocal space). However, they pro- 
vided only a rudimentary picture of lattice dynamics, preventing a de- 
finitive assessment of thermodynamic forces driving the MIT®”'%"8, 
Here we report X-ray and neutron scattering measurements and ab initio 
molecular dynamics (AIMD) calculations that provide a full thermo- 
dynamic accounting. 


We first examine lattice vibrations in VO» using measurements of the 
temperature-dependent phonon density of states (PDOS), made using 
the ARCS neutron spectrometer at the Spallation Neutron Source at 
Oak Ridge National Laboratory. The PDOS spectra shift gradually above 
and below the MIT, but exhibit a discontinuity in shape across T, (Fig. 1a). 
The rutile PDOS at temperatures above T_ are considerably softer (lower 
in energy) than the M1-phase PDOS. In addition, a low-energy peak is 
evident in the momentum-averaged rutile dynamical structure factor 
Sgavg(E) around 14 meV at high temperatures (1,200 K; Fig. 1d). This 
peak gradually softens by a few millielectronvolts on cooling towards 
T,. From our inelastic X-ray scattering (IXS) dispersion measurements 
and calculations (discussed below), this peak is identified with trans- 
verse acoustic branches, which are flat (constant in energy) over large 
portions of the Brillouin zone. On cooling to near T,, the energy of this 
peak remains above ~12 meV and then disappears as VO> transforms 
to the M1 phase in a first-order transition (Fig. 1d). Importantly, the 
changes in the PDOS provide the phonon contribution to the trans- 
ition entropy. Our experimental vibrational entropy change, corrected 
for neutron weighting, is AS,,(rutile-M1) = 0.34 + 0.03 kp atom ' (kp, 
Boltzmann’s constant). Latent heat measurements yield AH = T.AS = 
14.7 meV atom !, or AS = 0.5 + 0.05 kp atom (, for the total entropy 
change*”. Thus, phonons account for ~2/3 of the total increase in en- 
tropy at the MIT, dominating the entropy stabilizing the metal. This re- 
sult is consistent with early speculation’, rules out other estimates*'*”° 
and, most importantly, provides a quantitative benchmark for theory. 

To explain this experimental result, we calculated temperature- 
dependent phonon dispersions with density functional theory (DFT). 
We used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func- 
tional, and the modification PBE+ U that includes an electronic Hubbard 
repulsion Uon vanadium sites as suggested by previous calculations’””’. 
Additional calculations with the Heyd—Scuseria—-Ernzerhof (HSE) hy- 
brid functional treated electronic correlations at the level of PBE (U = 0), 
but with a more exact exchange contribution. Simulations including 
strong anharmonicity in the rutile phase were performed using AIMD 
(PBE) and the temperature-dependent effective potential method”. The 
M1 phase was found to be largely harmonic, and its phonons were cal- 
culated in this approximation. The calculated PDOSs for the M1 (T = 
0K) and rutile (T = 425 K) phases are shown for comparison in Fig. 1b. 
Good overall agreement is found between the calculated and measured 
PDOSs with regard to both the shapes and the energies of the main fea- 
tures, including the rutile transverse acoustic peak at ~12 meV (near 
T.) and the relative softness of the metallic phase. 

Using ab initio calculations, we computed the contributions of pho- 
nons and electrons to the entropies of both phases. The computed vibra- 
tional entropy change at the transition yields 0.31 kg atom’ ‘ for AIMD 
(PBE, U = 0), showing remarkable agreement with experiment. The elec- 
tronic entropy change was obtained from the electronic density of states 
(EDOS), given a sufficient bandgap in the M1 phase for its electronic 
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a 25 Figure 1 | PDOS spectra of rutile and M1 phases 
[ ; in VO, showing phonon stiffening in the M1 
Experimental VO, PDOS phase. a, Neutron-weighted PDOSs measured 
20 —>- 381 K (rutile) with INS in the rutile phase at 381 K and in the M1 
—O— 298 K (M1) phase at 298 K (error bars denote standard 
15 deviation from counting statistics). b, PDOSs 
computed using the temperature-dependent 
= effective potential method for the rutile phase at 
@ +10 425 K and from DFT for the M1 phase at 0K. 
= c, VO, atomic structures in the tetragonal (rutile) 
So 5 and monoclinic (M1) phases (V, green; O, red). 
Oo d, Temperature dependence of low-energy rutile 
iS transverse acoustic peak plotted as squared energy 
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entropy to be negligible (in agreement with our DFT calculations and 
the known insulating nature of the M1 phase). The rutile EDOS gave 
Se(rutile—M1) = 0.09 kg atom’! for both PBE and PBE+U, in agree- 
ment with transport estimates’. Thus, our best estimate of the total 
entropy change across the transition is AS,o, = AS,n(exp) + AS_(calc) = 
0.43 kgatom '. This result accounts for most of the calorimetry total 
of 0.5 kgatom | (refs 4, 9), and shows that other possible contributions 
(from, for example, magnetism) are small. 

To identify the origin of large vibrational entropy for particular 
wavevectors, q, in reciprocal space, we performed X-ray TDS measure- 
ments'* from VO) single crystals at Advanced Photon Source (APS) 
beamline 33-BM. Figure 2a, c shows the measured diffuse intensity in a 
rutile {110} reciprocal-space slice, and Fig. 2b, d shows the correspond- 
ing TDS patterns computed from the ab initio phonon dispersions. The 
calculations agree well with the measured TDS q profiles, including sub- 
tle intensity variations, demonstrating that the TDS streak in Fig. 2 is 
due to low energy phonons. An observed linear increase in rutile TDS 


Figure 2 | Comparison of experimental and calculated X-ray TDS. 

a, b, Rutile {110} slice in reciprocal space defined by H + K = 0, measured at a 
temperature of 358 K (a) and calculated at 425 K (b). c, d, Same reciprocal- 
space slice as in a and b, but in the M1 phase, measured at 338 K (c) and 
calculated at 320 K (d). The strong plane of diffuse intensity abruptly disappears 
below the MIT temperature. Colours indicate scattered intensity based on 
logarithmic rainbow scales in arbitrary units, with red as the highest intensity. 
H, K and L refer to rutile coordinates. 
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Figure 3 | Phonon dispersions in rutile VO}. 

a, Reciprocal-lattice labels for tetragonal VOp. 

b, Constant-q IXS scans at the rutile R point 
showing the broad energy widths are well fitted 
using damped oscillator line shapes. a.u., arbitrary 
units. c, Experimental IXS low-energy phonon 
dispersions at 425 and 800K showing flat 
transverse acoustic branches that stiffen on 
heating. Large energy widths are indicated by 
vertical lines and shading. The various transverse 
acoustic (TA) and longitudinal acoustic (LA) 
modes are labelled accordingly. By symmetry, TA1 
and TA2 are equivalent along '-Z and are labelled 


as TA1 + 2. d, Lines show phonon dispersions for 
rutile VO, calculated from ab initio anharmonic 
lattice dynamics at T = 425 K (blue) and 800K 
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intensity with temperature further confirms that it is due to phonons 
as opposed to static displacements. The abrupt disappearance of the 
diffuse signal in the M1 phase reflects the phonon stiffening and disap- 
pearance of the low-energy PDOS transverse acoustic peak. The three- 
dimensional (3D) rutile TDS profiles reveal that soft phonons are 
concentrated in rutile {111} sheets with Miller indices H, K and L sat- 
isfying the relation H + K + L = 2n (nanon-zero integer) (Supplemen- 
tary Video 1). This observation is compatible with measurements in a 
related compound”, Vo.9Nbo.1Oz, but is inconsistent with diffuse VO, 
lobes previously inferred’*. The {111} TDS sheets pass through R and 
M points in the tetragonal Brillouin zone (Fig. 3a), and have been pro- 
posed to arise from correlated linear displacements of chains of vanadium 
atoms in the real-space [111] direction”. However, energy-integrated 
TDS measurements alone cannot determine the nature of the displace- 
ments. We nowtrace the {111} TDS to particular low-energy transverse 
acoustic phonons. 

Energy- and momentum-resolved IXS measurements at the APS 
HERIX beamline revealed the origin of individual low-energy modes, 
and, in addition, revealed strong damping of rutile phonons. As shown 


in Fig. 3b, energy scans at constant q reveal unusually broad phonon 
peaks (short lifetimes) with asymmetric shapes matching damped oscil- 
lator line shapes. Figure 3c shows experimental rutile dispersions where 
the phonon scattering rates, 2),(q), are indicated as vertical bars. Vana- 
dium atom motions dominate the lowest-energy branches. Flat transverse 
acoustic sections along [—-Rand I'-M (E ~ 12 + 3 meV) are responsible 
for both the low-energy PDOS peak and the {111} TDS sheets described 
above. We find that all low-energy transverse acoustic and longitudinal 
acoustic phonons are strongly damped, particularly along [-R-A-M. 
Furthermore, unusual stiffening of the low-energy transverse acoustic 
branches is observed on heating from 425 to 800 K. This stiffening is 
strongest along --R and I'-M, suggesting that the same anharmonic 
mechanism is responsible for both stiffening and large damping. The 
phonon scattering rates are large, corresponding to low quality factors 
Q = E/2y ~ 3. Notably, the large phonon linewidths are largely tem- 
perature independent. This unusual observation suggests an offsetting 
competition between electron-phonon interactions (increasing Peierls 
coupling and widths on cooling) and conventional anharmonicity (in- 
creasing phonon-phonon interactions on heating). We note that the 
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R-point transverse acoustic phonon energy does not trend to zero dur- 
ing cooling close to the MIT; rather, the energy remains above ~12 meV 
(Fig. 1d). This observation disproves the proposal, suggested by sym- 
metry, of a conventional soft-mode transition at this wavevector'*’’, 
and shows that harmonic DFT attempts focused on this lattice instability 
do not capture the pervasive nature of anharmonic lattice dynamics”. 

We note that rutile VO, phonon dispersions show a strong similar- 
ity to the dispersions in rutile TiO. (ref. 24), although the VO2 PDOS is 
shifted down in energy. This softness explains the anomalously large 
thermal amplitudes observed in VO,: the root mean squared vibrational 
displacements of vanadium atoms above the MIT is 0.18 A (ref. 15), nearly 
as large as the 0.21 A static displacements when transforming from rutile 
to M1, and much larger than vibrational amplitudes in the VO, M1 phase 
and the TiO, rutile phase’. Our calculated amplitudes in rutile and M, 
VO, are in agreement with the experimental trends (Methods and Ex- 
tended Data Table 1). Because the crystal structure is the same and the 
atomic masses are similar, this phonon softening in VO. compared with 
TiO, could be ascribed to the difference in bonding between the two 
materials. Titanium dioxide is a wide-gap insulator (>3 eV), but in VOz 
the extra d electron of vanadium produces a metallic state, partly filling 
the bands derived from the vanadium 3d t,, orbitals. Metallic behaviour 
screens the phonons, lowering their frequencies®. 

Using calculations to understand the origin of soft phonons and strong 
anharmonicity (Fig. 3b, c), we first observe that rutile VO, dispersions 
calculated in the harmonic approximation produced unstable phonons 
across a wide region of the Brillouin zone (both PBE and PBE+ U), con- 
sistent with prior reports”. In contrast, our AIMD dispersion calculations 
for rutile VO, (Fig. 3d), including renormalization by anharmonicity, 
show good agreement with experiment, without any fitting parameters. 
Although the rutile phase is dynamically unstable at 0 K, our results 
establish that anharmonic bonding stabilizes the rutile lattice at temper- 
atures above the MIT, producing stable phonons throughout the Bri- 
Nouin zone. Consistent with IXS (Fig. 3c) and TDS (Fig. 2), calculated 
phonons are soft for wavevectors in reciprocal-space {111} planes that 
include the tetragonal Rand M points. We calculate that increasing the 
temperature to 800 K stiffens the phonons at a rate of 3.3 peVK ' at 
the R point, in agreement with the measured 4 eV Kl. 

Anharmonicity and softness in the rutile phase are revealed with DFT 
calculations of frozen-phonon potential energy curves. Figure 4a shows 
the energy profile (per atom) for the particular rutile R-point transverse 
acoustic modes (0.5TA1 + 0.5TA2) associated with the static atomic 
displacements that occur during the MIT, and Fig. 4b shows the profile 
for the related optic mode at the corresponding wavevector (I point) 
in the M1 phase. The quartic-like potential for all low-energy rutile modes 
strongly departs from parabolic (harmonic) behaviour, manifesting the 
nonlinear dependence of ionic forces on displacement amplitudes. In 
contrast, the M1 phase shows harmonic frozen-phonon potentials for 
all modes calculated. This agrees with Raman spectra being sharp in 
the M1 phase and broad in the rutile phase, suggesting strong metallic 
electron-phonon coupling*’*. Thermodynamically, the anharmonic 
potentials describe the microstructural mechanism stabilizing the high- 
temperature rutile structure. Phase stability is controlled by competi- 
tion between minimizing enthalpy, H, and maximizing entropy, S, in 
the Gibbs free energy, G = H — TS. The soft, quartic rutile potentials 
significantly increase the position-momentum phase space volume, pro- 
viding the large vibrational entropy that stabilizes the metallic phase. 

Illustrating the effects of structural and dynamic changes, Fig. 4c, d 
shows how the total energy and the forces on vanadium atoms change 
as the lattice structure is transformed from rutile to M1. Here interme- 
diate configurations of the schematic form € X M1 + (1 — €) X rutile 
are taken as the linear interpolation of atomic positions and lattice pa- 
rameters that are described by the continuous parameter €, with lattice 
structures ranging from rutile (€ = 0) to M1 (¢ = 1). For the DFT cal- 
culation with no Hubbard repulsion (U = 0), there are two shallow min- 
ima with comparable energies, one in the rutile phase and one in the 
M1 phase. Including electronic correlations, the PBE+ U calculation 
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Figure 4 | Simulations of VO, phases. a, b, Quadratic (blue) and quartic 


(magenta) DFT frozen-phonon potentials for rutile R-point (a) and M1 
T’-point (b) modes with vanadium atom displacements shown inset. Calculated 
energy (solid circles) is shown versus maximum vanadium amplitude, Uy max. 
c, d, f, Energies (c), forces (f;,; d) and orbital occupancies (f), for intermediate- 
structures between the rutile (€ = 0) and M1 (€ = 1) phases. e, Displacements 
(brown arrow) along c-axis vanadium chain, corresponding to the forces in d. 
g, h, EDOSs in the metallic (g) and insulating (h) phases (Egermi = 0 meV). 
In ¢, d, f-h, red and light blue curves represent PBE+ U and PBE results, 
respectively; in f, black symbols represent HSE calculations. 


exhibits a lower minimum for the M1 phase, corresponding to the en- 
ergetically favoured insulating phase at low temperature. A metastable 
low-temperature rutile structure with a small energy barrier (Fig. 4c) is 
similar to results plotted in ref. 7. For PBE+ U, the energy difference 
between the rutile and M1 structures is 29 meV atom +, larger than 
experiment*? (15 meV atom’ ') and a previous local-density approxi- 
mation result’. A smaller value of U < 3.4 eV would produce the exper- 
imental energy difference, although with a smaller bandgap. Examining 
the corresponding atomic forces using PBE+ U shows that the force on 
a vanadium atom along the c-axis chain, f;, (schematically indicated in 
Fig. 4e), is initially slightly negative (restoring) near ¢ = 0 (rutile), but 
becomes positive (destabilizing) for larger ¢ values (shaded region Fig. 4d). 
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Thus, V-V dimerization is favoured by Peierls distortion, energetically 
stabilizing the M1 phase. Our DFT calculations with U = 0 showa weaker 
Peierls instability, with a positive force only for ¢ > 0.64. 

Motivated by suggestions that the Peierls distortion is orbitally 
driven”, in Fig. 4f we show that the vanadium d,2_ y orbital 
occupancy increases while occupation in the other two ty, orbitals de- 
creases as the lattice transforms from rutile to M1, increasing anisotropy. 
We note that the Peierls instability begins once the difference in occu- 
pation between the d,2 _,2 and d,, (or d,z) orbitals exceeds ~0.4 electrons 
in both PBE and PBE+ U calculations. Additional hybrid functional 
(HSE) calculations (Fig. 4f) show that both PBE+ Uand HSE enhance 
the occupation of d,2_ 2 orbitals relative to PBE (U = 0), leading to 
stronger orbital overlap along c-axis chains and, consequently, a stron- 
ger Peierls instability. Thus, strong Hubbard electronic correlations, which 
are not included in HSE, are not required to describe occupations”. A 
further theoretical test is correctly predicting the EDOS for both phases. 
Figure 4g, h contrasts the PBE+ U metallic EDOS (non-zero at Fermi 
level) with the insulating M1 EDOS (open bandgap). In contrast, we 
find a very small M1 bandgap (<0.1 eV) in relaxed PBE (U = 0), where- 
as our HSE calculation yields a gap of 1.1 eV. Thus, both PBE+ U and 
HSE increase the magnitude of the M1 gap compared with PBE. This 
larger gap is also understood from the higher occupation of d,2_ ,2 orbitals 
in both PBE+ U and HSE, favouring the orbital-assisted Peierls dis- 
tortion in agreement with references '??*”. 

Our measurements establish fundamental benchmarks to test and 
guide theoretical models of the MIT in VO3. Our first-principles cal- 
culations provide a comprehensive thermodynamic description, reveal- 
ing that increased occupation of vanadium d,2_ ,2 orbitals triggers the 
Peierls instability, lowering the energy and opening the insulating band- 
gap. The MIT results from the competition between lower electronic 
energy in insulating the M1 phase due to the Peierls instability, and the 
higher entropy of the metallic rutile phase resulting from soft anhar- 
monic phonons. Soft lattice dynamics in the rutile phase reflect the in- 
trinsic influence of the electronic and structural instabilities driving the 
MIT. This understanding of the role of lattice dynamics and their rela- 
tionship to electronic structure provides a critical component for devel- 
oping more complete physical models of phase competition in functional 
transition metal oxides. 
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and Source Data, are available in the online version of the paper; references unique 
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Passive radiative cooling below ambient air 
temperature under direct sunlight 


Aaswath P. Raman!, Marc Abou Anoma’, Linxiao Zhu’, Eden Rephaeli! & Shanhui Fan! 


Cooling is a significant end-use of energy globally and a major driver 
of peak electricity demand. Air conditioning, for example, accounts 
for nearly fifteen per cent of the primary energy used by buildings in 
the United States’. A passive cooling strategy that cools without any 
electricity input could therefore have a significant impact on global 
energy consumption. To achieve cooling one needs to be able to reach 
and maintain a temperature below that of the ambient air. At night, 
passive cooling below ambient air temperature has been demonstrated 
using a technique known as radiative cooling, in which a device ex- 
posed to the sky is used to radiate heat to outer space through a trans- 
parency window in the atmosphere between 8 and 13 micrometres”"’. 
Peak cooling demand, however, occurs during the daytime. Daytime 
radiative cooling to a temperature below ambient of a surface under 
direct sunlight has not been achieved**’””* because sky access dur- 
ing the day results in heating of the radiative cooler by the Sun. Here, 
we experimentally demonstrate radiative cooling to nearly 5 degrees 
Celsius below the ambient air temperature under direct sunlight. 
Using a thermal photonic approach'*”*, we introduce an integrated 
photonic solar reflector and thermal emitter consisting of seven layers 
of HfO, and SiO, that reflects 97 per cent of incident sunlight while 
emitting strongly and selectively in the atmospheric transparency 
window. When exposed to direct sunlight exceeding 850 watts per 
square metre on a rooftop, the photonic radiative cooler cools to 
4.9 degrees Celsius below ambient air temperature, and has a cool- 
ing power of 40.1 watts per square metre at ambient air temper- 
ature. These results demonstrate that a tailored, photonic approach 
can fundamentally enable new technological possibilities for energy 
efficiency. Further, the cold darkness of the Universe can be used as 
a renewable thermodynamic resource, even during the hottest hours 
of the day. 

Consider a radiative cooler of area A at temperature T, whose spec- 
tral and angular emissivity is €(/,0). When the radiative cooler is exposed 
to a daylight sky, it is subject to both solar irradiance and atmospheric 
thermal radiation (corresponding to ambient air temperature T,,,). 
The net cooling power P.oo1 of such a radiative cooler is given by: 


Pisa PT) = Praa(T) — Patm(Tamb) — Psun — cond+ conv (1) 


In equation (1) the power radiated out by the structure is: 
Pra(T)=A | deo a| * ddlga(T.A)é(2,0) (2) 
0 
m/2 


Here | dQ=2n | dé sin 0 is the angular integral over a hemisphere. 
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2he 1 
Ipp(T,A) = _ el UkaT) 1 is the spectral radiance of a blackbody at 
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temperature T, where h is Planck’s constant, kg is the Boltzmann 
constant, c is the speed of light and / is the wavelength. 
ioe) 


d/Igp(Tamb»2)€(A,0)€atm(A59) (3) 
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Patm(Tamb) =a ao cos | 


is the absorbed power due to incident atmospheric thermal radiation, 
and: 
ioe) 


Pon =A | “de( A, Osun) Tan s(A) (4) 


0 
is the incident solar power absorbed by the structure. We arrive at 
equation (3) and equation (4) by using Kirchhoff’s radiation law to 
replace the structure’s absorptivity with its emissivity €(/,0). The angle- 
dependent emissivity of the atmosphere is given by*®: €tm(A,0) = 1— 
t(a)/ cos? where t(A) is the atmospheric transmittance in the zenith 
direction’®. In equation (4), the solar illumination is represented by 
Iamis(A), the AM1.5 spectrum. We assume the structure is facing the 
Sun at a fixed angle 05,,,. Thus the term Ps, does not have an angular 
integral, and the structure’s emissivity is represented by its value at 
Osun: 


Prond+ conv( T,Tamb ) =Ah.(Tamb = T) (5) 


is the power lost due to convection and conduction. h, = hgona + Acony 
is a combined non-radiative heat coefficient that captures the collective 
effect of conductive and convective heating owing to the contact of the 
radiative cooler with external surfaces and air adjacent to the radiative 
cooler. 

Equation (1) in general relates the cooling power P.ooi(T) of the sur- 
face, that is, the net power outflow of the surface, as a function of its 
temperature. Such a surface becomes a daytime cooling device if there 
is a net positive power outflow when T = T,,,, under direct sunlight, 
that is, if it radiates more heat out to space than it gains by absorbing 
sunlight and atmospheric thermal radiation. The power outflow P.ooi(T = 
Tamb) then defines its cooling power at ambient air temperature. In the 
absence of net outflow, a radiative cooler’s temperature should reach a 
steady-state temperature below ambient. The solution of equation (1) 
with P.oo1(T) = 0 defines the steady-state temperature T,. The goal of 
our experiment is to demonstrate a daytime radiative cooling device 
with T, < Tamp, and to measure its cooling power as a function of T 
under direct sunlight, corresponding to peak daytime conditions. 

To achieve daytime radiative cooling, the device must satisfy a very 
stringent set of constraints as dictated by the power balance equation 
of equation (1). First, it must reflect sunlight strongly to minimize Psun. 
Therefore, it must be strongly reflecting over visible and near-infrared 
wavelength ranges. Second, it must strongly emit thermal radiation P,aq 
while minimizing incident atmospheric thermal radiation Pat, by min- 
imizing its emission at wavelengths where the atmosphere is opaque. 
Thus, the device must emit selectively and strongly only between 8 um 
and 13 tm, where the atmosphere is transparent, and reflect at all other 
wavelengths. These constraints are formidable and fundamentally ther- 
modynamic in nature. Radiative power scales as T*, and the Sun, at 
5,777 K, far outstrips the radiation of room-temperature objects on Earth, 
which are typically around 300 K. Even with an ideally selective emitter 
that emits only in the atmospheric transparency window, over 90% of 
incident sunlight must be reflected to remain at ambient temperature. 
In practice, to achieve meaningful daytime radiative cooling more than 
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94% of sunlight must be reflected, especially given variation in atmo- 
spheric conditions across different geographic regions”’. This is parti- 
cularly challenging when combined with the goal of emitting strongly 
and selectively in the atmospheric window. Previous approaches using 
metallic reflectors and conventional thermal emitters with reflective cover 
foils have thus proved to be insufficient to achieve cooling under direct 
sunlight. Finally, the radiative cooler must be well sealed from its en- 
vironment to minimize h, and in turn Poond+conv- Lhis constraint pres- 
ents an experimental design challenge during the daytime given that 
most surfaces that might be in contact with the radiative cooler will 
themselves heat up when exposed to sunlight and transfer this added 
heat to the cooler. 

A previous paper presented a theoretical design of a photonic struc- 
ture capable of satisfying the emission and reflection requirements for 
cooling™*. The design there involved the use of a complex two-dimensional 
photonic crystal that would require photolithography. Here we intro- 
duce and numerically optimize an alternative theoretical design based 
on one-dimensional photonic films that is more amenable to large-scale 
fabrication, and experimentally realize it. Furthermore, we design and 
build an apparatus that minimizes heat load on the radiative cooler, 
allowing us to observe below-ambient cooling in the daytime for the 
first time. 

The rooftop measurement apparatus that minimizes h,, and is used 
to experimentally demonstrate radiative cooling under direct sunlight, 
is shown in Fig. la. The design of the apparatus, shown schematically 
in Fig. 1b andc, reduces both convection and conduction to the radiative 
cooler under peak solar irradiance. The radiative cooling surface, depos- 
ited on a 200-mm silicon wafer, is placed on a polystyrene pedestal which 
is supported by a clear acrylic box (see Methods for details). A clear 12.5-pym 
polyethylene film lies above the sample as an infrared-transparent wind 


c Low-density polyethylene 


Aluminized Mylar Photonic radiative cooler 


Polystyrene 
Wood Aluminized Mylar 
frame 


Figure 1 | Rooftop apparatus and photonic radiative cooler. a, Photo of the 
apparatus and radiative cooler on the test rooftop in Stanford, California. 

b, Three-dimensional schematic of the apparatus and radiative cooler, 
showing the general mode of operation of the radiative cooler. The apparatus is 
designed to minimize conductive and convective heat exchange to the 

cooler. c, Cut-out schematic of the apparatus through the middle, showing 
how an air pocket is created around the radiative cooler. Surfaces adjacent to 
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shield. As can be seen in the two-dimensional schematic of the apparatus 
in Fig. 1c, the radiative cooler is thus suspended in a relatively well- 
sealed air pocket. Such an air pocket design represents a key innova- 
tion in the experimental demonstration of daytime radiative cooling: 
note that our sample is far smaller than the surrounding roof. This design 
aims to ensure that any surface in immediate contact with the air pocket 
or the sample will heat up minimally due to solar irradiance. Finally, to 
ensure peak sunlight irradiance of up to 890 Wm ~ on the radiative 
cooler during the winter months in which testing was conducted, the 
entire apparatus is tilted 30° towards the south. This experimental con- 
straint reduces sky access for the purposes of thermal radiation, so for 
the same setup, better cooling performance would be expected if one were 
to operate the cooler without the tilt. 

We use a photonic approach to meet these stringent demands of se- 
lective thermal emission in the mid-infrared, and strong solar reflec- 
tion. An extensive numerical optimization scheme (see Methods) is used 
to achieve the photonic design schematically shown in Fig. 1d with a 
scanning electron microscope cross-section. The photonic radiative 
cooler consists of seven alternating layers of hafnium dioxide (HfO2) 
and silicon dioxide (SiO2) of varying thicknesses, on top of 200 nm of 
silver (Ag), which are all deposited on top of a 200-mm silicon wafer. 
The bottom four layers of HfO, and SiOz have thicknesses that are less 
than 100 nm and assist in optimizing solar reflection in a manner akin 
to that achievable using periodic one-dimensional photonic crystals. 
HO, serves as a high-index material that also presents low ultraviolet 
absorption, a useful feature when optimizing for solar reflectance, while 
SiO, is optically transparent and is the low-index layer. The use of HfO, 
is, however, not essential, and can be replaced with titanium dioxide 
(TiO2), which is less expensive. The top three layers are much thicker 
and are primarily responsible for thermal radiation from the cooler, 
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this air pocket heat up minimally due to incident solar irradiance and therefore 
minimize the heat load on the air inside the pocket. Mylar is polyethylene 
terephthalate. d, Scanning electron microscope image of the photonic radiative 
cooler that is designed, implemented and tested in our experiments. It consists 
of seven layers of HfO, and SiO2, whose thicknesses are defined by extensive 
numerical optimization (see Methods), on top of 200 nm of Ag, a 20-nm-thick 
Ti adhesion layer, and a 750-|1m-thick, 200-mm-diameter Si wafer substrate. 
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through a combination of material properties and interference effects. 
SiO, has a strong peak in its absorptivity near 9 |1m due to its phonon- 
polariton resonance. HfO, also presents non-zero absorption and hence 
emission in the 8-13 jm wavelength range”*. The combination of all these 
layers results in a macroscopically planar and integrated structure that 
collectively achieves high solar reflectance and strong thermal emission. 

The photonic radiative cooler’s absorptivity/emissivity spectrum is 
experimentally characterized and shown in Fig. 2. The cooler shows min- 
imal absorption when integrated from 300 nm to 4 11m, where the solar 
spectrum is present, in Fig. 2a, reflecting 97% of incident solar power 
at near-normal incidence. In Fig. 2b we observe that the cooler has strong 
and remarkably selective emissivity in the atmospheric window between 
8 um and 13 um. Moreover, the photonic radiative cooler’s thermal emis- 
sivity persists to large angles (see Extended Data Fig. 1), a useful feature 
to maximize radiated power P,aq, a hemispherically integrated quantity— 
see equation (2)—and reminiscent of the behaviour of hyperbolic meta- 
materials”. Photonic design fundamentally enables these spectral prop- 
erties, which in turn are essential to achieving below-ambient radiative 
cooling. This spectral behaviour, and below-ambient cooling, is not 
achievable using these materials individually with conventional metal- 
lic reflectors. 

We demonstrate the performance of the photonic radiative cooler on 
a clear winter day in Stanford, California, by exposing it to the sky ona 
building roof during daylight hours and comparing its steady-state tem- 
perature to the ambient air temperature. As shown in the temperature 
data of Fig. 3a, immediately after the sample is exposed to the environ- 
ment (shortly before 10:00 local time in Fig. 3a), its temperature drops 
to approximately 4° to 5° Celsius below the ambient air temperature, 
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Figure 2 | Emissivity/absorptivity of the photonic radiative cooler from the 
ultraviolet to the mid-infrared. a, Measured emissivity/absorptivity at 5° 
angle of incidence of the photonic radiative cooler over optical and near- 
infrared wavelengths using an unpolarized light source, with the AM1.5 solar 
spectrum plotted for reference. The cooler reflects 97% of incident solar 
radiation. b, Measured emissivity/absorptivity of the cooler at 5° angle of 
incidence over mid-infrared wavelengths using an unpolarized light source, 
with a realistic atmospheric transmittance model plotted for reference”. 

The photonic cooler achieves strong selective emission within the 
atmospheric window. 
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even though significant solar irradiance is already incident on the sam- 
ple. This is a key signature of radiative cooling, and a counterintuitive 
result during the day: we typically think of surfaces increasing their tem- 
perature when removed from the shade and exposed to the Sun during 
the day. We observe the photonic radiative cooler’s temperature for over 
five hours under direct sunlight. Over 800 W m ” of solar power is inci- 
dent on the sample for three of the five hours. The cooler maintains a 
steady-state temperature substantially below the air temperature over 
the entire day, and is 4.9°C + 0.15°C below the air temperature bet- 
ween 13:00 and 14:00 (local time) when the solar irradiance is in the 
range 800-870 W m_”. To illustrate the significance of this result, we 
compare in Fig. 3b the photonic radiative cooler’s performance against 
200-mm wafers in identical apparatuses coated with conventional ma- 
terials: carbon black paint and aluminium. The black paint reaches near 
80° C, which is more than 60 °C above the ambient air temperature, 
while the aluminium reaches nearly 40° C, which is 20° C above the am- 
bient air temperature. Typical roofing material has strong solar absorp- 
tion and hence significantly heats up under direct sunlight, as emulated 
by the black paint result here. Also, one still sees very strong heating 
with an aluminium film, even though it provides relatively strong solar 
reflection. 

We next characterize the photonic radiative cooler’s cooling power. 
We allow its temperature to reach the previously achieved steady-state 
value under peak sunlight conditions of nearly 900 W m *. We then in- 
put heat to the cooler in steps over the course of one hour and observed 
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Figure 3 | Steady-state temperature of photonic radiative cooler. a, Rooftop 
measurement of the photonic radiative cooler’s performance (blue) against 
ambient air temperature (black) on a clear winter day in Stanford, California. 
The photonic radiative cooler immediately drops below ambient once 
exposed to the sky, and achieves a steady-state temperature T, of 

4.9°C + 0.15 °C below ambient for over one hour where the solar irradiance 
incident on it (green) ranges from 800 W m ? to 870 W m ”. b, Comparing 
the photonic radiative cooler’s performance against two reference roofing 
materials: black paint and aluminium. The paint reaches a temperature up to 
80°C, or 60 °C above ambient, while the aluminium reaches nearly 40 °C, 

or 20°C above ambient. Only the photonic cooler stays well below ambient 
under direct solar irradiance. 
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the cooler’s temperature at each step, as shown in Fig. 4a. With each 
increase of heat input, the temperature of the cooler rises to a new steady 
state. We plot the temperature of the cooler as a function of heat power 
in Fig. 4b. The temperature of the cooler reaches ambient temperature 
with an input heat power of 40.1 + 4.1 Wm ~, indicating that substan- 
tial cooling power is available from this device. We next develop a theo- 
retical model of our photonic cooler. This model is based on equation 
(1), where we use the spectral data of Fig. 2, as well as a model of the 
atmospheric transmittance”® (see Methods), and a model for the con- 
ductive and convective losses of the apparatus, that together yield a value 
of h.=6.9Wm 7K | (see Methods and Extended Data Fig. 2). The 
theoretical model agrees excellently with the experimental data (Fig. 4b). 
The model can also be used to predict the steady-state temperature and 
power balance of the photonic radiative cooler as a function of time, 
and as compared against the observed performance of the sample under 
both daytime and night-time conditions (Extended Data Fig. 3). More- 
over, the model indicates that lower steady-state temperatures can be 
reached by the cooler by reducing convective losses (see Methods). Under 
the same atmospheric and solar conditions, but with h, > 0, our device 
should achieve a steady-state temperature of 19.5 °C below ambient 
(see Extended Data Fig. 2c). Substantial gains in the photonic radiative 
cooler’s performance are thus achievable by improved packaging alone. 

The below-ambient cooling under peak daylight conditions shown 
here presents the possibility for purely passive, water-free approaches 


a 05 10 19.7 30.8 34.7 40.1 50.6 60.6 0 <—Heat input (Wm) 


T—T T T T T T T T 900 
J | i ] | 
al a ne a ee 1 Solar irradiance 
| I | | \ \ | ce 4 ee 
= o 
oe eer 7 
— I = 
Q LA , a 
2 a. 
5 =} 
2 8 
5 2 
+, 
Time of day 
b T 
1 — 
ato = 
at if 
F OP a= sess , wn ee ee 
= -1} f 
— 
i 
| | GF 
& 3b ' 
a $ 
aL 4 
—5F ! 
0 20 40 60 


Cooling power (W m-?) 


Figure 4 | Cooling power of photonic radiative cooler. a, Rooftop 
measurement of the photonic radiative cooler’s temperature (blue), relative to 
ambient air temperature (black), in response to step-wise increasing inputs of 
heat (quantity shown at top at the beginning of each time period). For an 
input of 40.1 + 4.1 Wm * the radiative cooler reaches ambient air 
temperature, where solar irradiance of 860 W m ~ is incident on the cooler. 
b, The average temperature reached by the cooler over the last two minutes of 
each time period in a relative to ambient air temperature (Tsampie Minus 
Tambient) for each associated value of input heat, with error bars defined by 
instrument and measurement error (see Methods). The predictions of a 
theoretical model for h, = 6.9Wm *K | are shown in the grey band, whose 
bounds are set by uncertainty associated with atmospheric transmittance. 
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to cooling buildings and vehicles at all hours of the day. A preliminary 
analysis indicates that photonic radiative coolers could compete favour- 
ably in economic terms against other rooftop renewable energy options 
for cooling such as photovoltaic panels but may also work cooperatively 
with them (see Methods and Extended Data Fig. 4). A key engineering 
challenge will be to minimize parasitic heating of the radiative cooler 
from the surroundings while delivering the desired heat load to it effi- 
ciently. With the remarkable degree of spectral and thermal control made 
possible by photonic approaches, cooling power performance in favour- 
able atmospheric conditions could be improved to more than 100 W m~* 
(ref. 14). Improving building efficiency with a view towards reducing 
the need for active cooling has taken on renewed urgency on our warm- 
ing planet, where the increase in carbon emissions caused by air con- 
ditioning is predicted to be faster than the decline in emissions from 
reduced heating”. In off-grid areas of the developing world, achieving 
radiative cooling during the daytime offers the opportunity to enable 
electricity-free cooling for critical needs like long-term food and medical 
supply storage. More broadly, our results point to the largely unexplored 
opportunity of using the cold darkness of the Universe as a fundamen- 
tal renewable thermodynamic resource for improving energy efficiency 
here on Earth. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 


Received 23 April; accepted 22 September 2014. 


1. Kelso, J. K. (ed.) 2011 Buildings Energy Data Book http://buildingsdatabook.eren. 
doe.gov/docs/DataBooks/2011_BEDB.pdf (US Department of Energy, Office of 
Energy Efficiency and Renewable Energy, 2011). 

2. Trombe, F. Perspectives sur l'utilisation des rayonnements solaires et terrestres 
dans certaines régions du monde. Revue Générale Thermique 6, 1285-1314 
(1967). 

3. Catalanotti, S. et al. The radiative cooling of selective surfaces. So/. Energy 17, 
83-89 (1975). 

4. Bartoli, B. et al. Nocturnal and diurnal performances of selective radiators. Appl. 
Energy 3, 267-286 (1977). 

5. Granqvist, C. G. & Hjortsberg, A. Surfaces for radiative cooling: silicon monoxide 
films on aluminum. Appl. Phys. Lett. 36, 139-141 (1980). 

6. Granqvist, C. G. & Hjortsberg, A. Radiative cooling to low temperatures: general 
considerations and application to selectively emitting SiO films. J. Appi. Phys. 52, 
4205-4220 (1981). 

7. Berdahl, P., Martin, M. & Sakkal, F. Thermal performance of radiative cooling 
panels. Int. J. Heat Mass Transf. 26, 871-880 (1983). 

8. Berdahl, P. Radiative cooling with MgO and/or LiF layers. Appl. Opt. 23, 370-372 
(1984). 

9. Orel, B., Gunde, M. & Krainer, A. Radiative cooling efficiency of white pigmented 

paints. Sol. Energy 50, 477-482 (1993). 

10. Gentle, A. R. & Smith, G. B. Radiative heat pumping from the earth using surface 

phonon resonant nanoparticles. Nano Lett. 10, 373-379 (2010). 

11. Gentle, A., Aguilar, J. & Smith, G. Optimized cool roofs: integrating albedo and 

thermal emittance with R-value. Sol. Energy Mater. Sol. Cells 95, 3207-3215 

(2011). 

12. Nilsson, T. M. & Niklasson, G. A. Radiative cooling during the day: simulations and 

experiments on pigmented polyethylene cover foils. Sol. Energy Mater. Sol. Cells 37, 

93-118 (1995). 

13. Nilsson, T. M., Niklasson, G. A. & Granqvist, C. G. A solar reflecting material for 

radiative cooling applications: ZnS pigmented polyethylene. So/. Energy Mater. Sol. 

Cells 28, 175-193 (1992). 

14. Rephaeli, E., Raman, A. & Fan, S. Ultrabroadband photonic structures to achieve 

high-performance daytime radiative cooling. Nano Lett. 13, 1457-1461 (2013). 

15. Lin, S.-Y. et al. Enhancement and suppression of thermal emission by a three- 

dimensional photonic crystal. Phys. Rev. B 62, R2243-R2246 (2000). 

16. Greffet, J.-J. et al. Coherent emission of light by thermal sources. Nature 416, 

61-64 (2002). 

17. Narayanaswamy, A. & Chen, G. Thermal emission control with one-dimensional 

metallodielectric photonic crystals. Phys. Rev. B 70, 125101 (2004). 

18. Luo,C., Narayanaswamy,A., Chen, G. & Joannopoulos, J. D. Thermal radiation from 

photonic crystals: a direct calculation. Phys. Rev. Lett. 93, 213905 (2004). 

19. Lee, B.J., Fu, C.J.& Zhang, Z.M. Coherent thermal emission from one-dimensional 

photonic crystals. Appl. Phys. Lett. 87, 071904 (2005). 

20. Drevillon, J. & Ben-Abdallah, P. Ab initio design of coherent thermal sources. 
J. Appl. Phys. 102, 114305 (2007). 

21. Schuller, J., Taubner, T. & Brongersma, M. Optical antenna thermal emitters. 
Nature Photon. 3, 658-661 (2009). 

22. Rephaeli, E. & Fan, S. Absorber and emitter for solar thermo-photovoltaic systems 
to achieve efficiency exceeding the Shockley-Queisser limit. Opt. Express 17, 
15145-15159 (2009). 


27 NOVEMBER 2014 | VOL 515 | NATURE | 543 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


23. 
24. 
25. 


26. 
27. 


28. 


29. 


30. 


Wu, C. et al. Metamaterial-based integrated plasmonic absorber/emitter for solar 
thermo-photovoltaic systems. J. Opt. 14, 024005 (2012). 

De Zoysa, M. et al. Conversion of broadband to narrowband thermal emission 
through energy recycling. Nature Photon. 6, 535-539 (2012). 

Lenert, A. et al. A nanophotonic solar thermophotovoltaic device. Nature 
Nanotechnol. 9, 126-130 (2014). 

Berk, A. et al. Modtran5: 2006 update. Proc. SPIE 6233, 62331F (2006). 

artin, M. & Berdahl, P. Characteristics of infrared sky radiation in the United 
States. So/. Energy 33, 321-336 (1984). 

Bright, T., Watjen, J., Zhang, Z., Muratore, C. & Voevodin, A. Optical properties of 
HfOz thin films deposited by magnetron sputtering: from the visible to the 
ar-infrared. Thin Solid Films 520, 6793-6802 (2012). 

Jacob, Z. et al. Engineering photonic density of states using metamaterials. Appl. 
Phys. B 100, 215-218 (2010). 

saac, M. & van Vuuren, D. P. Modeling global residential sector energy demand for 
heating and air conditioning in the context of climate change. Energy Policy 37, 
507-521 (2009). 


544 | NATURE | VOL 515 | 27 NOVEMBER 2014 
©2014 Macmillan Publishers Limited. All rights reserved 


Acknowledgements This work is supported by the Advanced Research Projects 
Agency-Energy (ARPA-E), Department of Energy (contract number DE-AROO00316). 
We acknowledge discussions with J. Eaton and K. Goodson. Part of this work was 
performed at the Stanford Nanofabrication Facility, which is supported by the National 
Science Foundation through the NNIN under grant number ECS-9731293, and the 
Stanford Nano Center (SNC)/Stanford Nanocharacterization Laboratory (SNL), part of 
the Stanford Nano Shared Facilities. 


Author Contributions A.P.R. and S.F. envisioned and implemented the experimental 
studies, and wrote the manuscript. A.P.R. and M.AA. built and executed the rooftop 
experiments. A.P.R. designed and characterized the radiative cooler. L.Z. and E.R. 
provided technical support and conceptual advice. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of the paper. Correspondence 
and requests for materials should be addressed to A.P.R. (aaswath@stanford.edu) or 
S.F. (shanhui@stanford.edu). 


Mae Ae dL Teas 


doi:10.1038/nature13951 


Design and fabrication of memory devices based on 
nanoscale polyoxometalate clusters 
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Flash memory devices—that is, non-volatile computer storage media 
that can be electrically erased and reprogrammed—are vital for por- 
table electronics, but the scaling down of metal-oxide-semiconductor 
(MOS) flash memory to sizes of below ten nanometres per data cell 
presents challenges. Molecules have been proposed to replace MOS 
flash memory’, but they suffer from low electrical conductivity, high 
resistance, low device yield, and finite thermal stability, limiting their 
integration into current MOS technologies. Although great advances 
have been made in the pursuit of molecule-based flash memory’, there 
are a number of significant barriers to the realization of devices using 
conventional MOS technologies*’. Here we show that core-shell poly- 
oxometalate (POM) molecules can act as candidate storage nodes for 
MOS flash memory. Realistic, industry-standard device simulations 
validate our approach at the nanometre scale, where the device per- 
formance is determined mainly by the number of molecules in the 
storage media and not by their position. To exploit the nature of the 
core-shell POM clusters, we show, at both the molecular and device 
level, that embedding [(Se(tv)O3)2]*~ as an oxidizable dopant in the 
cluster core allows the oxidation of the molecule to a [Se(v),0.]?~ 
moiety containing a {Se(v)-Se(v)} bond (where curly brackets indicate 
a moiety, not a molecule) and reveals a new 5+ oxidation state for 
selenium. This new oxidation state can be observed at the device level, 
resulting in a new type of memory, which we call ‘write-once-erase’. 
Taken together, these results show that POMs have the potential 
to be used as a realistic nanoscale flash memory. Also, the config- 
uration of the doped POM core may lead to new types of electrical 
behaviour®"’. This work suggests a route to the practical integration 
of configurable molecules in MOS technologies as the lithographic 
scales approach the molecular limit’. 

To engineer the flash memory devices, we selected a core-shell POM 
‘Dawson-like’ archetype as the functional part of the switching node 
with the general formula [M,gO54(XO,,)2]” (where M = Mo or W, 
X =P, S or Se, n = 3 or 4and m = 2— 8). This is because the cluster 
has a nanoscale size (about 1.2 * 1 X 1 nm), a wide accessible charge 
range to act as ideal trapped charges for flash memory, a configurable 
cluster core (that is, P, S, Se as possible dopants) and a high thermal 
stability (about 600 °C) to cope with the high temperatures associated 
with flash memory post-processing. With the thermal stability in mind 
we therefore used a tungsten-based rather than molybdenum-based core- 
shell cluster. Furthermore, the effect of various dopants was investigated 
by density functional theory (DFT) calculations, which helped us to 
understand the likely reactivity and electronic structure of the clusters’, 
and hence to choose an appropriate heteroatom. After careful conside- 
ration of the synthetically realistic options we hypothesized that {Se(Iv)O3} 
would provide the right balance of structural stability and electronic ac- 
tivity, leading us to conclude that the cluster anion [WgOs54(SeO3)2]*_ 
would be an ideal candidate to investigate the development of practical 
flash memory devices. 


To explore this idea we set about synthesizing the core-shell cluster 
anion [W1gOs4(SeO3)2]*_ (1a) viaa dehydration reaction of the selenite 
containing cluster [Wjg056(SeO3)2(HO).] 8~ (precursor) (see Sup- 
plementary Information). Notably, this cluster demonstrates exception- 
ally rich redox behaviour associated not only with the reduction of the 
metal oxide cluster {W)gO54} cage, but also with the oxidation of sel- 
enite templates at the cluster core; see Fig. 1. 

To provide a first demonstration ofa flash memory cell using POMs, 
a lateral geometry was used with a ~4-nm Si nanowire channel covered 
with a 4-nm SiO, insulator. This design, rather than a vertical flash mem- 
ory cell, was chosen to provide easy access for the exploration of the 
intrinsic ability of the POM to form the switching component ofa flash 
memory device (see Fig. 2). Nominally identical flash memory charac- 
teristics were demonstrated in an array of nine independent devices. We 
tested devices with different geometries and only those with a distance 
between the control gate and the nanowire channel of below 60 nm 
demonstrated reproducible flash memory behaviour. The fabrication 
process is described in full in the Supplementary Information. 

Figure 2b demonstrates a shift in the threshold voltage (AV) of 1.1 
+ 0.1 V from the bare nanowire to the same nanowire coated in POMs. 
A large negative voltage of -20 V was then used to inject charge into the 
POMs before the control gate was again swept to demonstrate drain cur- 
rent characteristics with a AV; shift of 1.2 + 0.1 V at low voltages. After 
a further pulse of +20 V, the drain current characteristics returned to 
the characteristics close to the original uncharged state. The present 
device geometry is not optimized, accounting for the high voltages 
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Figure 1 | Structure and electrochemical properties of compound la. On 
the left, the crystal structure of the core-shell cluster [W1gOs4(SeO3)]*” (1a) is 
shown, with the {W1sOs4} cage shown as black and grey lines. The two Se 
core dopants are shown as orange spheres. The cluster cage can be reduced 
multiple times (grey area) and the two Se dopants at the POM cluster core can 
be oxidized (orange area). On the right, the cyclic voltammetry is obtained 
from microcrystals of 1a adhered to a glassy carbon electrode (diameter 
1.5mm) in 0.1 M tetrabutylammonium PF, acetonitrile solution at a scan 
rate of 200mVs_' anda scanning range V of —2.5 V to 1.8 V against a 
Ag/AgCl reference. 


1WestCHEM, School of Chemistry, The University of Glasgow, Glasgow G12 8QQ, UK. *School of Engineering, The University of Glasgow, Glasgow G12 8LT, UK. *Departament de Quimica Fisica i Inorganica, 


Universitat Rovira i Virgili, Marcel-li Domingo street, 43007 Tarragona, Spain. 
*These authors contributed equally to this work. 


27 NOVEMBER 2014 | VOL 515 | NATURE | 545 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


b 

105 
=z 10% 
5 107 
3 108 
& 
& 10° 


40-79 
qo-11 Ls 


Drain current (A) 


10 nm 500 nm 


Figure 2 | Image of the flash memory device and the drain current 
behaviour with an applied voltage to the control gate. a, A cross-sectional 
transmission electron microscope (TEM) image (left) of the memory device 
with an SEM image (right) of the ~5-nm Si nanowire channel with side control 
gate. b, c, Measurements of the logarithmic (b) and linear (c) drain 

current versus gate voltage at 0.5 V source-drain voltage: before deposition 
of the POMs (green dashes), after the deposition of the POMs (orange 
dashes), after a -20 V pulse (blue line) and a +20 V pulse (red line). Panel 

b demonstrates depletion of the charge in the nanowire, resulting in a shift of 
the threshold voltage required to switch on the electrical conduction of the 
nanowire (orange dashed line) after 1a was deposited around the nanowire. 
Therefore the control gate voltage required to produce the same drain current 


required to write/erase but a plot of AV; versus logarithmic time (see 
Supplementary Information) demonstrates that the present limit of the 
programme/erase times are 0.1 s and read times are 100 1s. The charge/ 
discharge could be repeated many times and the retention time of the 


Gate voltage (V) 


Gate voltage (V) 


in the nanowire has moved to a higher voltage owing to the charge on the 
molecules of 1a. The control gate was then used to charge and discharge the 
deposited molecules. —20 V was applied to the control gate, which charged the 
molecules around the nanowire, further increasing the control gate voltage 
required to produce the same drain current in the nanowire (solid blue lines in 
band c). This effect could be reversed by applying a +20 V pulse to the control 
gate, which discharged the molecules and returned the control gate voltage 
for a fixed drain current to the original value with the uncharged la 
molecules around the nanowire (red lines in b and c). The effect is repeatable, 
demonstrating a clear shift in the threshold voltage of the device when charged. 
The programming window (the threshold voltage change between the 
charged and uncharged 1a molecules) is >1.2 V at low gate voltages. 


flash memory is at least 336 h, with the ultimate limit of the retention 
time expected to be significantly longer, given that no decay in the stored 
charge has yet been measured over the 336-h period. The read time is 
presently limited only by the RCtime constant (the product of resistance 


Figure 3 | Scheme depicting the formation of the 
Se(v)-Se(v) bond within the cluster cage. At the 
top, a schematic diagram shows the formation 

of the Se(v)-Se(v) bond in the transformation of 
la to 1b. At the bottom are the results from the 
DFT analysis, demonstrating the frontier orbitals 
and the formation of the Se(v)-Se(v) bond. 
Relevant orbitals delocalized over the Se moieties 
are highlighted in bold. The HOMO-LUMO gap is 
the energy gap between the highest occupied 
molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO). Although 
the orbital energies of POM clusters are separated 
by discrete energies, they can also be viewed as 
having a pseudoband-like orbital structure, and 

in this sense the blue box depicts the set of 
unoccupied tungsten d-like orbitals and the red 
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and capacitance: 22.3 pF X 250 kQ = 56 j1s) of the nanowire devices and 
especially by the large pad capacitance. A radio-frequency design of 
the device and optimization of the capacitance and resistance should 
reduce this to subnanosecond read times. The write/erase time is lim- 
ited by the large density of POM molecules (2 X 10'° cm””) and the cur- 
rent compliance of the characterization set-up. A device with a shorter 
distance from control gate to nanowire channel and significantly fewer 
POMs should reduce both the write/erase voltage and the time. Prelim- 
inary calculations suggest that 100 POMs would have a subpicosecond 
write time, subject to the device and characterization limits, but we ex- 
pect the fundamental charging mechanisms of the POM to dominate 
at such device dimensions. The above analysis clearly demonstrates that 
the ultimate performance of the POM-based flash memory has not been 
reached and further work is required to determine the fundamental lim- 
its of the proposed technology. The sub-threshold slope for the -20 V 
pulsed measurements in Fig. 2b indicates additional charging mechan- 
isms in the device in addition to the POM flash floating-gate mechanism. 
Because the POMs have been distributed over the entire device with high 
density, there are many potential charging mechanisms that could pro- 
vide this type of non-optimal behaviour. The drain current character- 
istics after the +20 V pulse also indicate that the return to the original 
state of the POMs is not complete (Fig. 2b and c), suggesting that opti- 
mization of the device geometry and POM positioning is required to 
improve the performance. Nevertheless, these measurements demon- 
strate that it is possible to produce functional flash devices using POMs 
owing to their intrinsic n-type like properties simply by drop-casting a 
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Figure 4 | The write-once-erase device. Conceptual sketch (a) and SEM/ 
AEM images (b) of the fabricated nano-gap electrodes coated with la. c, The 
measurement procedure in terms of the applied voltage. The sample was 
subjected to a high-voltage push pulse applied between the source and drain 
electrodes on the surface of the sample, and then measured at a lower voltage 
level. The data are obtained by sweeping the source—drain voltage (Vsp) 
between the surface electrodes from 0 V to 4 V and back to 0 V with the 
substrate gate voltage maintained constant at 3 V. Isp is the source—drain 
current and Vg is the gate voltage. d, e, Fowler-Nordheim’*”” plots of the 
current-voltage data of the POM-covered nano-gap electrodes, which 
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solution of the POM directly onto the gate architecture in a one-step 
process. 

In addition to the exploitation of the shell of the POM clusters to trap 
charges for functional flash memory, we also investigated the role of the 
two inner ‘core’ moieties in the POM cluster archetype [W1gOs4(XO,,)2]""_ 
using DFT (where X is P, S or Se) to see whether it is possible to use 
these heteroatom dopants to change the electronic structure of the clus- 
ter using a redox process. This is because, in this cluster type, the het- 
eroatoms are perfectly positioned next to each other to interact via their 
lone pairs of electrons. This is particularly true for compound 1a because 
the two inner {Se(1v)O3} moieties within the outer cluster shell have sig- 
nificant intramolecular non-bonded interactions, with a Se(Iv):**Se(Iv) 
distance of 3.1 A; see Fig. 3. 

This was confirmed by a DFT study, which showed that the ejection 
of two electrons from the cluster core should lead to an oxidation state 
change (Se(Iv) > Se(v)) in la commensurate with the formation of a 
Se-Se bond within the cluster. Not only is this redox process revealed 
by the electrochemical data (see Fig. 1 and Supplementary Information), 
the two-electron oxidation of 1a to 1b was confirmed directly by cou- 
lometry (see Supplementary Information), and the formation ofa Se-Se 
bond is consistent with studies showing that the two-electron oxidized 
species is diamagnetic, as confirmed by electron paramagnetic resonance 
spectroscopy. In addition, the theoretical estimation of the reduction 
potentials are in good agreement with the experimental values, as are 
the theoretical values for the two-electron oxidation process leading to 
the formation of 1b (see Supplementary Information). 
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demonstrate whether trap states which can hold charge for a memory device are 
present between the two source and drain electrodes (when there is hysteresis 
between the forward and reverse voltage sweeps, trapped charge is present). 
For the ‘0’ memory state, the hysteresis in the Fowler-Nordheim plots indicates 
trapped charge inside the gap between the electrodes. We observe that 
subjecting the system to excitation with source—drain voltage at 9-10 V changes 
the nature of the electron transport between the source and drain upon 
subsequent inspection, removing the hysteresis as shown for the memory state 
‘l’. In this measurement, the effect is transient; disappearing after the first 
post-excitation probe, as shown conceptually in the table in panel f. 
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To explore whether we could use the oxidative behaviour expected 
for the Se-embedded cluster, we fabricated a nano-electronic device 
incorporating 1a to test the predictions made by the theoretical analysis. 
An array of parallel Pt electrodes with a gap of approximately 50 nm 
was produced ona highly doped silicon substrate with a thermally grown 
30-nm-thick barrier oxide. Sixty-four individual electrode pairs were fab- 
ricated on each sample. A contact was opened to the silicon substrate, 
allowing it to function as a gate electrode. Figure 4 demonstrates scan- 
ning electron microscopy (SEM) and atomic force microscopy (AFM) 
images ofa fabricated electrode pair, after deposition of the POM mate- 
rial. Through high-volume control measurements (a total of more than 
250 measurements were performed on electrode pairs with and without 
POMs) we verified that this system is capable of probing the electrical 
characteristics of cluster 1b. To do this, control experiments were un- 
dertaken with no POM material present and samples using cluster 2, 
[W1gOs6(WOg)]° , which has a {W034} shell identical to that of clus- 
ter 1, but this time contains an oxidatively inactive {WOg} ‘core’ (see 
Supplementary Information). These studies demonstrated that subject- 
ing 1a to an excitation at high source-drain bias enabled us to influence 
the transport characteristics upon subsequent probing at lower voltages. 
Figure 4 shows measurements performed with a source-drain bias of up 
to 4 V both before and after subjecting the system to a source—drain bias 
of 9-10 V. Two measurements were performed after excitation and the 
procedure was repeated twice, with the gate bias kept at +3 V through- 
out the experiment. The measurements were deliberately carried out 
using a slow process ensuring maximum resolution of the analyser equip- 
ment, with a full probe measurement taking approximately 20 min. Re- 
tention and dissipation of the ‘write’ procedure are also on this timescale 
and the intrinsic rate limits are expected to be similar to those of the 
flash memory. 

Significant hysteresis is observed between the upwards and down- 
wards voltage sweeps, with a gap of approximately 0.2 V. This is also 
evident in the control measurements of cluster 2 and this device thus also 
proves that compounds 1 and 2 are perfect examples of trapped charges 
giving flash-memory-like behaviour consistent with our previous ob- 
servations. For the first initial post-excitation measurement however, 
hysteresis is not observed for compound la. Absence of the hysteresis 


a 
Floating gate 


POM layer 


indicates a modification of the transport across and between molecules 
to allow easier electron flow. We therefore consider the phenomenon 
to bea direct representation of the electrochemically observed oxidation 
process Se(Iv) > Se(v). This effect was observed only after the initial 
excitation and cannot be recreated with consecutive pushing pulses. 
This was typical behaviour across several devices and implies that com- 
pound 1a can be used as a ‘write-once-erase’ memory. As such the pos- 
itive voltage driving force for this behaviour can be directly linked to 
the non-reversible oxidation process of the two Se guest atoms within 
the POM, demonstrating how, at the device level, the molecular config- 
uration and formation of the Se(v) dopant underpins this unpreced- 
ented behaviour. 

To evaluate the possibility of incorporation of [W1gOs4(SeO3)2]* 
(1a) and [W,gOs6(WOg)]’° (2) molecules to achieve realization of a 
floating gate (see Fig. 5) ina non-volatile molecular memory, we devel- 
oped a multi-scaled, multi-level computational framework designed to 
perform realistic flash memory cell modelling to substantially extend 
our previous concept”*. Here we simulate a flash cell design with shal- 
low trench insulation’’, which is based on a transistor with a gate length 
of 18 nm and gives much more accurate results, allowing us to evaluate 
our devices for practical implementation. Our simulation workflow links 
the DFT results, which are presented above, to mesoscopic (continuous) 
transistor simulations with the commercial three-dimensional numer- 
ical device simulator GARAND (Gold Standard Simulations Limited). 
The motivation for using this hierarchy of modelling approaches is the 
complexity of the problem. Accurate description of the POM clusters 
requires first-principles calculations on the atomic level, involving around 
100 atoms, while the descriptions of the current flow through the flash 
memory cell demands continuous modelling, applied to a system of mil- 
lions of atoms (see Supplementary Information). 

The first step in our computational approach is to replace the poly- 
Si floating gate with a layer of POM molecules (Fig. 5a). More specif- 
ically, we incorporated spatial charge distributions of either a 1a or 2 
molecule for different redox states (obtained from DFT calculations) into 
the flash cell device structure. The POMs are negatively charged and 
in the native state, and those charges are counterbalanced by positively 
charged cations. Similar to the atomic charges, the presence of the cations 


Figure 5 | Device modelling simulations of 
compounds 1a and 2. a, Schematic diagram 
representation of a single-transistor non-volatile 
memory cell, indicating the aimed substitution of 
the poly-Si floating gate with an array of POM 
clusters. T.,, is the thickness of the control oxide 
and Tyun is the thickness of the tunnelling oxide. 
b, The three-dimensional electrostatic potential in 
the lower part of the oxide and the substrate, 

and two-dimensional map of the potential across 
the plane through the centre of the POMs, arranged 
in a 3 X 3 regular grid 4.5 nm from the Si-SiO, 
interface for the compounds la and 2, as 
schematically illustrated. c, d, Drain current versus 
gate voltage with a drain bias of 50 mV in 
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logarithmic (c) scale and linear (d) scale for a 
bulk molecular flash cell: 2X oxidized 
[W1s0s4(SeO3)2]77 (1b), [WgOs4(SeO3)o]*7 
(1a), 1X reduced [W,gO54(SeO3)2]>” (1c) and 
2X reduced [W1gOs4(SeO3)2]* (1d), in 
comparison with [W,sO56(WO,)]° (2), 1X 
reduced [W1,Os6(WO,)]'!” and 2X reduced 
[Wi gOs6(WOg)]'7”. Vz is the threshold voltage. 
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in the POM layer is modelled as a set of fractional point charges dis- 
tributed around each POM. The total positive charge balances out the 
negative charge of the parent POMs, so that any reduction/oxidation of 
the POM would lead to the presence of extra electron charges in the gate 
stack. This provides localized balancing of each POM, essential for mod- 
elling a flash cell with broad dispersion of the position and number of 
POMs in the gate dielectric (see Supplementary Information). 

Assuming that the POM layer consists of nine 1a molecules arranged 
in a three-by-three array, we were able to evaluate the non-volatile mo- 
lecular memory performance with the help of the GARAND simulator. 
Figure 5b shows the three-dimensional electrostatic potential in the lower 
part of the oxide and the substrate. In addition, the two-dimensional map 
of the potential across the plane through the centre of the POM layer 
(as arranged in a 3 X 3 regular grid) is presented in the same figure. 
From our calculations, we were able to obtain not only qualitative but 
also quantitative information on the impact of the oxidation/reduction 
of the 1a/2 molecular layer on the flash cell characteristics. In the pro- 
cess of evaluating the performance of each flash cell, the drain current 
Ip versus gate voltage Vg characteristic presented in Fig. 5c has an im- 
portant role. Figure 5c, d shows the impact of the oxidation/reduction 
of the 1a/2 floating-gate layer on the drain current and threshold volt- 
age of the flash memory cell. Clearly, adding electrons to the POMs 
leads to reduction of the OFF-current (the current value at Vg = 0.0 V). 
This is based on the fact that introducing more negative charge in the 
floating gate repels the electrons from the channel of the transistor. As 
a result, the OFF-current is reduced because it is directly influenced by 
the electron density distribution in the channel of the transistor (fewer 
electrons in the channel means less current). More importantly, the two 
types of POM give exactly identical Ip—V« characteristics. The reason 
for this is that even though 1a and 2 have different local charge dis- 
tributions (clearly visible in the two-dimensional electrostatic poten- 
tial plot in Fig. 5b), the size of each POM is very small in comparison to 
the channel area. Therefore, the source-to-drain current is almost un- 
affected by variation of the local charge distribution in the la and 2 
molecules. This effect is expected to increase with scaling down the 
channel area. 

We can conclude from the results based on our multi-level compu- 
tational framework that POM molecules can serve as a floating gate, 
with the potential for significant applications in molecular-based flash 
memory cells. The results demonstrate a significant programming win- 
dow between each bit with a high signal-to-noise ratio. Another impor- 
tant characteristic for each device is the ratio of the OFF-current to the 
ON-current (the current at Vg = 0.9 V). This current ratio increases 
with increasing oxidation state of the POM molecule (Fig. 5c). For the 
clusters [W1gOs54(SeO3)2]*" (1b)/[WgO56(WOg)]°” (2), we calculate an 
increase in the ratio of around two to six orders of magnitude, whereas 
for [W1gO54(SeOs)2]° (1d)/[W1gO56(WOg)]'?, we observe a differ- 
ence spanning eleven orders of magnitude. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Evolution and forcing mechanisms of El Nino over 


the past 21,000 years 


Zhengyu Liu’?, Zhengyao Lu’, Xinyu Wen”, B. L. Otto-Bliesner’, A. Timmermann‘ & K. M. Cobb? 


The El Nifo Southern Oscillation (ENSO) is Earth’s dominant source 
of interannual climate variability, but its response to global warming 
remains highly uncertain’. To improve our understanding of ENSO’s 
sensitivity to external climate forcing, it is paramount to determine 
its past behaviour by using palaeoclimate data and model simula- 
tions. Palaeoclimate records show that ENSO has varied considerably 
since the Last Glacial Maximum (21,000 years ago)” ’, and some data 
sets suggest a gradual intensification of ENSO over the past ~6,000 
years”*”*, Previous attempts to simulate the transient evolution of 
ENSO have relied on simplified models” or snapshot" experiments. 
Here we analyse a series of transient Coupled General Circulation 
Model simulations forced by changes in greenhouse gasses, orbital 
forcing, the meltwater discharge and the ice-sheet history through- 
out the past 21,000 years. Consistent with most palaeo-ENSO recon- 
structions, our model simulates an orbitally induced strengthening 
of ENSO during the Holocene epoch, which is caused by increasing 
positive ocean—atmosphere feedbacks. During the early deglaciation, 
ENSO characteristics change drastically in response to meltwater dis- 
charges and the resulting changes in the Atlantic Meridional Over- 
turning Circulation and equatorial annual cycle. Increasing deglacial 
atmospheric CO, concentrations tend to weaken ENSO, whereas 
retreating glacial ice sheets intensify ENSO. The complex evolution 
of forcings and ENSO feedbacks and the uncertainties in the recon- 
struction further highlight the challenge and opportunity for con- 
straining future ENSO responses. 

To understand ENSO’s evolution during the past 21 kyr, we analyse 
the baseline transient simulation (TRACE) conducted with the Commu- 
nity Climate System model version 3 (CCSM3). This simulation uses the 
complete set of realistic climate forcings: orbital, greenhouse gases, con- 
tinental ice sheets and meltwater discharge (Fig. 1a, d and Methods). 
TRACE has been shown to replicate many key features of the global 
climate evolution'*”°. Over the tropical Pacific, the annual mean sea sur- 
face temperature (SST) closely tracks atmospheric CO, (Fig. 1d); the 
cross-equatorial eastern Pacific meridional SST gradient largely tracks 
the meltwater forcing and the resulting change in the Atlantic Merid- 
ional Overturning Circulation (AMOC), a situation consistent with 
proxy evidence’* (Fig. 1b, c). ENSO amplitude changes in a complex 
pattern, as seen in the interannual SST variability over the central-eastern 
Pacific (Fig. le, Extended Data Fig. 1 and Methods). In 100-year win- 
dows, ENSO amplitude varies considerably on a multitude of timescales 
(Extended Data Fig. 2a), in a similar manner to those in other multi- 
millennial simulations’® and in palaeo-ENSO reconstructions from lake 
sediments”””” (Fig. le) and fossil corals® from ENSO-teleconnected 
regions. The unforced variance changes in ENSO may originate from the 
nonlinear dynamics of ENSO”? and/or stochastic climate forcings'*””. 

Beyond the background irregularity of ENSO amplitude, however, 
there are externally forced changes (Fig. le and Extended Data Fig. 2a), 
such as a reduction in ENSO amplitude just after the Last Glacial Max- 
imum (LGM) before levelling off during the Heinrich Stadial 1 (HS1, 


~17 kyrago), a rapid weakening related to the AMOC resumption at the 
onset of the Bolling—Allerod (BA, ~ 14.5 kyr ago) and an increase during 
the Younger Dryas (YD, ~12.9-11.7 kyr ago). During the Holocene, 
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Figure 1 | TRACE simulation and observation. a, Grey, amplitude of annual 
cycle of insolation (December, January and February minus June, July and 
August (DJF-JJA)) at 30° S (Methods); black, meltwater flux into the North 
Atlantic (in equivalent sea level change in metres per 1,000 years). b, Red, 
AMOC transport (in sverdrups (Sv); 1 Sv = 10° m*s_'); black and grey, 
31pa/??°Th ratio in Bermuda (Methods). c, Red, eastern Pacific north-south 
difference in annual SST (5-15° N minus 5°-15° S, 140-100° W); black, 
reconstruction’. VPDB, Vienna Pee Dee Belemnite. d, Red, Nifio3.4 
(170-120° W, 5° S-5° N) annual SST; black, Nifio3.4 CO, reconstruction 
(Methods). e, Red, ENSO amplitude (standard deviation of Niio3.4 
interannual (1.5-7 years) SST variability) in 100-year windows; black, lake 
sediment records in the eastern Pacific (El Juno)’; grey, lake sediment records 
on the South American coast (Lake Laguna Pallcacocha)’. The green bars at 
6 and 21 kyr ago represent the median (solid) and 75th and 25th centiles 
(dashes) of ENSO amplitude changes in the mid-Holocene and LGM 
experiments in the PMIP2/PMIP3 ensemble” (rescaled using TRACE ENSO in 
the late Holocene 2-0 kyr ago). f, Amplitude (standard deviation) of Niiio3 
(150-90° W, 5° S-5° N) SST total variability (less than 7 years) in 100-year 
windows. The black bars show the reconstruction of total SST variance derived 
from sediment cores in the eastern equatorial Pacific’. 
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ENSO gradually intensified by ~15%. The simulated ENSO evolution 
is qualitatively similar to that in other models at 6 and 21 kyr ago, fall- 
ing within the spread of the Palaeoclimate Modelling Intercomparison 
Project 2 (PMIP2)/PMIP3 ensemble” (Fig. le). 

The simulated ENSO intensification over the Holocene is qualitatively 
consistent with several key ENSO-sensitive proxy records (Fig. le), such 
as the increase in precipitation variability along the South American 
coast throughout the Holocene**” (Extended Data Figs 3a, b, 4c, dand 
5c and Methods), and the increase in ENSO variance in the western 
Pacific fossil corals from the mid to late Holocene’. An intensification 
of ENSO during the Holocene is also inferred from the ensemble spread 
of SST from foraminifera in the eastern Pacific®, although this ensemble 
spread probably more reflects the total SST variability, which is domi- 
nated by the annual cycle rather than ENSO there (Fig. 1fand Extended 
Data Fig. 2b). Nevertheless, the most recent reconstructions of ENSO’s 
evolution over the Holocene suggest that ENSO variance reached a min- 
imum around the mid Holocene**”' (Fig. 1fand Extended Data Fig. 6b), 
with a decrease of ~30-50% relative to the late Holocene. Such a trajec- 
tory is not inconsistent with previously published palaeo-ENSO data 
sets, given their small sample size relative to the high level of intrinsic 
variability in ENSO amplitudes (Extended Data Figs 2b, c and 6 and 
Methods). 

The simulated trend in Nifo3.4 variance over the Holocene amounts 
to + 15%, which is consistent with most mid-Holocene PMIP2/PMIP3 
experiments, which show increases of 10-15% in ENSO variance from 
6 kyrago to pre-industrial conditions” (Fig. le). Ifthe response of ENSO 
to precessional forcing was indeed relatively modest as in current mod- 
els, the available palaeo-ENSO data sets are as yet too sparse to detect 
such a subtle shift in the Holocene, given the high level of background 
variability® (Methods). If, in contrast, ENSO did intensify by 50% and 
did reach the minimum in the mid-Holocene, the inconsistent simula- 
tions in current models would imply model deficiencies. The ultimate 
resolution of the detailed evolution characteristics of ENSO variance in 
the Holocene will require much more high-resolution palaeoclimate data 
from ENSO centres of action. 

The comparison with observations before the Holocene poses an 
even deeper challenge because proxy records of ENSO are rare and less 
consistent. The few coral records scattered across the last glacial period 
suggest an active ENSO presence*”’, but the coral records are too short 
and sparse to provide a robust estimation of ENSO intensity changes® 
(Methods). Other records seem to show conflicting results. The lithic 
flux rate associated with flood events in a sediment record off Peru has 
been used to argue for the change in ENSO-related flooding event, which 
is weaker at the LGM than the late Holocene’, as also implied by a varve 
record in east Africa’. The lithic flux data further imply that ENSO inten- 
sified rapidly from 17 to 13 kyr ago before gradually peaking at 8 kyr ago*. 
However, the variability of eastern equatorial Pacific subsurface temper- 
atures reconstructed from subsurface dwelling planktonic foraminifera 
suggests a modestly stronger ENSO at the LGM, which then intensifies to 
peak at 15 kyr ago and then weakens towards the minimum at 8 kyr ago”. 
The PMIP2/PMIP3 experiments also show a wide spread of ENSO’s 
response at the LGM with no statistically significant change in the ensem- 
ble mean ENSO at the LGM relative to the late Holocene”’. The ENSO 
amplitude in TRACE is reduced by ~0.2 °C at the LGM relative to the 
late Holocene, well within the spread of the PMIP2/PMIP3 experiments 
(Fig. le). The inconsistent ENSO responses during the deglaciation, 
among data and among models, could be caused by various factors. The 
use of palaeoclimate records in remote regions as proxies for ENSO var- 
iance should be treated with caution, especially for those sites outside 
the region of strong ENSO impact (Extended Data Fig. 4a, b and Methods), 
where the trend of precipitation variance is dominated by the local res- 
ponse to deglacial climate forcings (Extended Data Fig. 5a, b), rather 
than by ENSO effects. In addition, the relation between the proxy vari- 
ance and ENSO variance could change over time, as seen in the less con- 
sistent variance between precipitation and ENSO during the deglaciation 
than during the Holocene in the model (Extended Data Figs 3c—-e and 
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5a, band Methods). The intrinsic irregularity of ENSO* itself also calls 
into question the use of snapshots of ENSO amplitude, both in palaeo- 
climate data and in climate models, to represent the continuous evolution. 

To determine the physical mechanisms that cause millennial to orbital- 
scale changes in ENSO strength in TRACE, we quantify the time evo- 
lution of ocean—atmosphere feedbacks in the eastern Pacific by using 
the Bjerknes (BJ) index, which consists of three positive feedbacks (upwell- 
ing feedback, zonal advection feedback and thermocline feedback) and 
two negative feedbacks (heat flux feedback and mean advection feed- 
back)”* (Methods). In the Holocene, both the BJ index (Fig. 2d) and 
ENSO amplitude (Fig. 2b) increase in unison (positive correlation of 0.5; 
P= 0.004, 10-0 kyr ago), suggesting a contribution of positive ocean- 
atmosphere feedback to ENSO intensification. The BJ index increases 
primarily asa result of the upwelling feedback (Extended Data Fig. 7b). 
All the positive feedbacks increase throughout the Holocene by means 
of increased wind sensitivity to SST (Extended Data Fig. 8a), probably 
related to the warming trend in annual mean climatology (Fig. 1d) that 
favours active moisture convection and in turn an enhanced atmospheric 
response to SST anomalies’. The tropical warming is forced mainly 
by the increased annual mean insolation in response to the decreasing 
obliquity” and increasing CO. The upwelling feedback is further ampli- 
fied by the intensified stratification of the upper ocean (Extended Data 
Fig. 8f), which is generated by the increased austral winter cooling over 
the subtropical South Pacific (Fig. 2a) and the subsequent equatorward 
ventilation’’ (Extended Data Fig. 9 and Methods). Thus, the intensifying 
ENSO in the Holocene is caused mainly by enhanced positive ocean- 
atmosphere feedbacks, especially the upwelling feedback, in response 
to precessional forcing. 
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Figure 2 | ENSO, BJ index and annual cycle. a, Austral winter (JJA) 
insolation at 30° S. b-d, The amplitude of ENSO (b), the annual cycle of 
Nino3.4 SST (c) and the BJ index (d) in the eastern equatorial Pacific 
(180-80° W, 5° S-5°N). All are calculated in 300-year windows with black 
for TRACE and cyan for ORB. In b and c the grey bars at 6 and 21 kyr ago 
represent the median (solid) and 75th and 25th centiles (dashes) of the 
amplitudes of ENSO and annual cycle in the mid-Holocene and LGM 
experiments in the PMIP2/PMIP3 ensemble” (rescaled using TRACE in the 
late Holocene 2-0 kyr ago). 
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The dominant role of precessional forcing on ENSO evolution is 
further confirmed by a sensitivity experiment forced by only orbital forc- 
ing (ORB; Methods). The ORB experiment almost reproduces the slow 
trends of ENSO (Fig. 2b), the annual cycle (Fig. 2c) and the BJ index 
(Fig. 2d) in TRACE throughout the 21 kyr, except for the millennial-scale 
events associated with changes in the AMOC during the early degla- 
ciation (Fig. 2b, c). Therefore, the overall evolution of ENSO, with an 
initial weakening towards the early Holocene and a subsequent strength- 
ening towards the late Holocene, is determined largely by the strength 
of the ocean—atmosphere feedback (Fig. 2d) and its response to pre- 
cessional forcing (Fig. 2a). The annual cycle of eastern Pacific SST also 
weakens towards the early Holocene and recovers towards the late Holo- 
cene. This change in annual cycle is caused by the annual cycle of inso- 
lation in the subtropical South Pacific (Fig. 1a), which forces a local annual 
cycle that propagates equatorwards as a result of air-sea interactions”. 
The minimum amplitude of annual cycle in the early to mid Holocene 
is also qualitatively consistent with PMIP2/PMIP3 experiments for 
6 kyr ago and the LGM (Fig. 2c). 

In contrast to ENSO’s response to precessional forcing, the millennial 
variability of ENSO’s intensity during the early deglaciation is caused 
by the changes in the annual cycle amplitude triggered by deglacial melt- 
water fluxes and the resulting AMOC responses. Indeed, the millennial 
swings of ENSO amplitude often change out of phase with the BJ index, 
notably around HS1 and YD (Fig. 2b, d and Extended Data Fig. 7a), and 
therefore cannot be explained by changing ocean-atmosphere instab- 
ility as with orbital forcing. There is thus no significant correlation 
between ENSO intensity and the BJ index (0.09; P = 0.58, 21-10 kyr 
ago). Instead, the millennial ENSO variance (Fig. 2b) tends to vary out 
of phase with the amplitude of the annual cycle (Fig. 2c), with a highly 
significant negative correlation of — 0.49 (P = 0.002, 21-10 kyr ago). The 
close interaction between ENSO and the annual cycle is also consistent 
with the strong phase-locking of ENSO during early deglaciation (Ex- 
tended Data Fig. 10). A meltwater pulse in the North Atlantic (Fig. 1a) 
decreases the AMOC (Fig. 1b), shifts the Intertropical Convergence 
Zone (ITCZ) southwards and creates an equatorially more symmetric 
annual mean climate in the eastern equatorial Pacific, corresponding to 
a weaker north-south difference in SST (Fig. 1c) and a weaker equatorial 
annual cycle (Fig. 2c)”*; the weaker annual cycle then amplifies ENSO 
through the nonlinear mechanism of frequency entrainment”. The 
anti-correlation between annual cycle strength and ENSO variance has 
also been observed for other external forcings in many Coupled General 
Circulation Models (CGCMs)”*. The role of the meltwater forcing is 
confirmed explicitly in a transient sensitivity experiment forced by the 
deglacial meltwater flux alone (MWF). In the MWF, ENSO’s amplitude 
(Fig. 3a, blue) varies largely out of phase with that of the annual cycle 
(Fig. 3b, blue) at millennial timescales, in a similar manner to TRACE. 

The dominant roles of precessional and meltwater forcings for the 
deglacial evolution of ENSO raises the question: what is the role of CO, 
forcing on ENSO? To address this question, we analyse an additional 
sensitivity experiment forced by the greenhouse gases alone (CO2). In 
CO2, ENSO weakens gradually from 17 to 12 kyr ago (Fig. 3a), following 
the rising CO, (Fig. 1c). The ENSO weakening in CCSM3 can be caused 
by amore diffusive equatorial thermocline forced by the CO, warming”, 
and a more asymmetric tropical warming around the Equator and in 
turn a stronger annual cycle (Fig. 3b) through frequency entrainment”. 
This CO3-induced ENSO weakening can be detected in TRACE as the 
gradual reduction of ENSO from 17 kyr ago towards the BA (~14.5 kyr 
ago). However, the weakening leaves little net signal after the BA (Fig. 3a), 
because of the offset by the ENSO amplification associated with the retreat 
of the ice sheet at ~ 14 kyr ago. As shown in another sensitivity experi- 
ment forced by the ice sheet alone (ICE), ENSO is amplified abruptly at 
14 kyr ago bya large retreat of the ice sheet over North America (Fig. 3a). 
The retreat of the ice sheet changes the atmospheric jet and, in turn, 
the tropical Pacific climatology through teleconnections, which lead to 
a weaker equatorial annual cycle (Fig. 3b and Methods) and eventually 
a strengthening ENSO again through frequency entrainment”. The 


552 | NATURE | VOL 515 | 27 NOVEMBER 2014 


oa 
os} | | | ! Ny \ \\, 
_ | ‘i i i HN 


Age (kyr) 


Figure 3 | ENSO in single forcing experiments. a, Amplitude of ENSO. 

b, Amplitude of the annual cycle. The amplitude is calculated as the standard 
deviation of Nifio3.4 SST in the frequency band of 1.5-7 years for ENSO, 
and for the composite seasonal cycle for the annual cycle, both in 300-year 
windows. The natural variability of the ENSO amplitude can be estimated 
approximately from the Holocene part of CO2, MWF and ICE as a standard 
deviation of ~0.2 °C. 


opposite effects of CO, and the ice sheet on ENSO amplitude offer an 
explanation of why, unlike the robust ENSO response in the Holocene, 
the response of ENSO amplitude at the LGM differs between models”. 
At the LGM, because the precessional forcing is similar to that in the 
late Holocene, ENSO is affected by two large forcings with opposite 
effects: the lower CO, and the presence of large ice sheets. 

Overall, the ENSO evolution reconstructed from available proxy records 
seems to be qualitatively consistent with the simulated ENSO strength- 
ening during the Holocene. However, the proxy data must be improved 
significantly to help constrain climate models better for the simulation 
of ENSO evolution in the past and, eventually, for the model projections 
of the future. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Multiplex single-molecule interaction profiling of 


DNA-barcoded proteins 


Liangcai Gu', Chao Li?, John Aach', David E. Hill!?, Marc Vidal’? & George M. Church! 


In contrast with advances in massively parallel DNA sequencing’, 
high-throughput protein analyses’ * are often limited by ensemble 
measurements, individual analyte purification and hence compro- 
mised quality and cost-effectiveness. Single-molecule protein detec- 
tion using optical methods’ is limited by the number of spectrally 
non-overlapping chromophores. Here we introduce a single-molecular- 
interaction sequencing (SMI-seq) technology for parallel protein 
interaction profiling leveraging single-molecule advantages. DNA 
barcodes are attached to proteins collectively via ribosome display® 
or individually via enzymatic conjugation. Barcoded proteins are 
assayed en masse in aqueous solution and subsequently immobilized 
ina polyacrylamide thin film to construct a random single-molecule 
array, where barcoding DNAs are amplified into in situ polymerase 
colonies (polonies)’ and analysed by DNA sequencing. This method 
allows precise quantification of various proteins with a theoretical 
maximum array density of over one million polonies per square mil- 
limetre. Furthermore, protein interactions can be measured on the 
basis of the statistics of colocalized polonies arising from barcoding 
DNAs of interacting proteins. Two demanding applications, G-protein 
coupled receptor and antibody-binding profiling, are demonstrated. 
SMI-seq enables ‘library versus library screening in a one-pot assay, 
simultaneously interrogating molecular binding affinity and specificity. 

To analyse proteins in a massively parallel single-molecule format, 
we generated proteins that are molecularly coupled toa DNA bearing a 
barcoding sequence. One barcoding approach is to translate and display 
proteins on protein-ribosome-messenger-RNA-complementary-DNA 
(PRMC) complexes in vitro, in which the cDNA contains a synthetic 
barcode at the 5’ end of protein open reading frames (ORFs) (Fig. 1a). 
Specifically, the ribosome display was performed by using mRNA-cDNA 
hybrids as templates and an in vitro translation (IVT) system recon- 
stituted with purified components’ that was shown to stabilize PRMC 
complexes (Extended Data Fig. 1). PRMC complexes bearing full-length 
proteins of interest were enriched by Flag-tag affinity purification. No- 
tably, this approach is applicable to a library of proteins of various sizes 
and size-related biases during decoding can be avoided by using uni- 
formly sized barcoding DNAs. Alternatively, some proteins that can only 
be functionally expressed in vivo require individual barcoding. Thus, fu- 
sion proteins were constructed with an engineered enzyme tag, HaloTag”, 
which mediates an efficient covalent conjugation to a HaloTag-ligand- 
modified double-stranded DNA (Fig. 1b). Our method is adaptable to 
a microtitre plate format for automated parallel protein production (Ex- 
tended Data Fig. 2). 

A complex mixture of barcoded proteins can be identified and quan- 
tified by in situ sequencing of their barcodes (Fig. 2a). The proteins 
were immobilized into an ultrathin layer of crosslinked polyacrylamide 
gel attached to a microscopic slide, and their barcoding DNAs bearing 
a5'-acrydite modification (Fig. 1) were covalently crosslinked to the gel 
matrix to prevent template drifting (Extended Data Fig. 3). A solid-phase 
PCR, with two gel-anchored primers, was performed according to an 
adapted isothermal bridge amplification protocol” in an assembled flow 
cell. This amplification showed a high efficiency of ~80% barcode 


detection (Extended Data Fig. 4a), and resulted in polonies of ~1 um 
diameter (Fig. 2b), similar to the clusters generated on an Illumina 
platform". Polonies were identified by hybridization with fluorescent 
probes, single-base extension (SBE) or ligation-based sequencing". 

To test the accuracy of our method, we selected nine immunoglob- 
ulin and non-immunoglobulin binding proteins and three antigens (for 
example, human, bacterial and viral proteins) of a molecular weight 
ranging from 3.4 to 120 kDa (Extended Data Table 1). Mixed PRMC 
complexes were prepared in six barcoded dilutions, with concentra- 
tions spanning six orders of magnitude, pooled together and subjected 
to the single-molecule quantification. Barcode detection efficiencies of 
different proteins were found to be almost identical at various concen- 
trations (Extended Data Fig. 4). The in situ single-molecule quantifi- 
cation can avoid PCR amplification bias’? and shows high reproducibility; 
the Pearson correlation coefficient r was above 0.99 when over 1,000 
protein polonies were detected (Fig. 2c). Because proteins were highly 
diluted (at less than picomolar concentrations) before array deposition, 
protein monomers should be the predominant form. 

Interacting barcoded proteins can be indirectly detected by joining 
their barcoding DNAs via ligation'** or primer extension». Here, direct 
observation and counting of single-molecule protein complexes should 
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Figure 1 | Schematics of protein barcoding methods. a, Collective barcoding 
via ribosome display. A short synthetic barcoding sequence is joined to the 5’ 
end of DNA templates via PCR. PRMC complexes are formed via ribosome 
stalling triggered by a carboxy-terminal Escherichia coli SecM peptide. 
Displayed proteins bearing a C-terminal Flag tag are separated from the 
ribosomes by an E. coli TolA spacer domain. RBS, ribosomal binding site. 

b, Individual barcoding via a HaloTag-mediated conjugation of proteins to a 
220-base-pair (bp) double-stranded barcoding DNA with a HaloTag ligand 
modification (black triangle). Modifications are introduced to barcoding 
DNAs by PCR with modified primers. 
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Figure 2 | Amplification and quantification of barcoding DNAs. 
a, Schematic of in situ polony amplification and sequencing. Barcoded proteins 
were immobilized in a polyacrylamide (PAA) gel matrix attached to a 
Bind-Silane-treated glass slide. The slide was assembled into a flow cell, where 
barcoding DNAs were amplified in situ into polonies for DNA sequencing. 
b, Representative merged images of polonies hybridized with Cy5 (red), 
Cy3 (green) and fluorescein (blue)-labelled oligonucleotides (20 objective 
magnification). c, Polony quantification of mixed protein binders and antigens. 
The Pearson correlation coefficient r was calculated for different coverages 
grouped by dotted lines. 


be possible if barcoding DNAs of interacting proteins can be amplified 
into colocalized polonies. To test this, we generated DsRed, which natu- 
rally forms a tetramer, with monomers each bearing one of two differ- 
ent barcodes. To avoid dissociation of any complexes during the array 
analysis, we crosslinked them with an amine-reactive crosslinker, bis- 
N-succinimidyl-(pentaethylene glycol) ester (BS(PEG);). The cross- 
linking was shown to be efficient due to the presence of a lysine-rich 
TolA spacer domain (Fig. la and Extended Data Fig. 5). It is evident 
that barcoding DNAs of the colocalized monomers (DsRed* and DsRed’) 
were co-amplified into overlapping polonies (Fig. 3a), providing a solid 
basis for further applications. 

Unlike other methods that only detect affinity-enriched proteins (for 
example, PLATO"), our approach simultaneously counts polonies of 
both unbound and bound proteins in a single solution. Thus, we sought 
to determine if it can provide a measure of protein binding affinities. 
We chose a model system, the GIP-dependent binding of human H- 
Ras (Ras) to Ras-binding domain of c-Raf-1 (Raf-RBD)'’”. A Raf-RBD 
polony colocalization ratio—the percentage of Raf-RBD polonies colo- 
calized with Ras polonies—was measured for wild-type Ras and Raf- 
RBD and eight Raf-RBD mutants; the Ras protein concentration was 
titrated over three orders of magnitude (Fig. 3b). Although the coloca- 
lization ratio is dependent on protein concentration and crosslinking 
efficiency and can be affected by experimental variables (protein quality, 
crosslinking conditions, polony array density, etc.), all the proteins with- 
ina single assay are under the same reaction conditions. Given a similar 
proportion of active protein and crosslinking efficiency, polony colo- 
calization ratios could be correlated with ratios of bound proteins at 
equilibrium and thus their binding affinities. To test this, the coloca- 
lization ratios were plotted against previously reported dissociation con- 
stants (Ky values) ranging from nanomolar to micromolar values’*”” 
(Fig. 3b and Supplementary Table 1), and fitted by using a one-site- 
specific binding model (dashed curves). The fitted and observed average 
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Figure 3 | Analyses of protein interactions via polony colocalization. 

a, Interaction of DsRed subunits resulted in colocalized polonies. Polonies of 
the differently barcoded subunits, DsRed* and DsRed?, were identified by SBE 
with, respectively, Cy5 (red) or Cy3 (green)-labelled dideoxynucleotide 
triphosphates (ddNTPs). b, Correlation between the polony colocalization 
ratios and Kg values of Ras—-Raf-RBD complexes. Means of measurements at 
100 imaging positions + 95% confidence level (CL; refer to Supplementary 
Table 1). Fitting equation, R= Rmax x P/(Ka+P), where R is the predicted 
Raf-RBD polony colocalization ratio, Rinax is the maximum polony 
colocalization ratio when Raf-RBD is saturated by Ras, and P is the Ras 
concentration. WT, wild type. c, Schematic of multiplex GPCR screening and 
compound profiling by the binding assay of mixed barcoded GPCRs with 
barcoded B-arr2. d, Comparison of f-arr2 binding to isoproterenol-activated 
Bo-adrenergic receptor with or without GRK2-mediated phosphorylation. 
Titration data of B-arr2 were fitted by the one-site-specific model using 
GraphPad Prism 6. e, Parallel GPCR binding profiling. Data represent mean 
values of 50 measurements; error bars, 95% CL, highlighted in red for agonists 
(refer to Supplementary Table 2). **P < 0.01, ***P < 0.001, one-tailed 
paired Student’s t-test. 


colocalization ratios show relatively high agreement (r > 0.96), except 
for the A85K mutant which displayed significantly lower experimental 
values than predicted by the model, probably owing to the disruption 
of Lys 85-mediated interactions” by the crosslinking. Therefore, this 
method could be useful for high-throughput screening of protein bind- 
ing affinities. 

Asa first high-throughput screening application, we investigated small 
molecule-mediated protein-protein interactions. An advantage of our 
method over traditional solid-phase techniques such as protein micro- 
arrays’ is that we store and assay proteins in an aqueous solution. To 
exploit this, we decided to address the challenges in screening G-protein 
coupled receptors (GPCRs), the largest membrane protein family and 
premier drug targets”’. Current GPCR-ligand screening techniques mainly 
rely on cell-based assays”’, which are subject to limitations such as the 
heterogeneous nature of the samples, the presence of other cellular 
components that can cause false positives or negatives, and limited min- 
iaturization and multiplexing capability (for example, one receptor per 
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assay). To prepare a homogeneous single-molecule GPCR sample com- 
patible with our approach, receptors were stabilized in phospholipid 
bilayer nanodiscs” by assembling detergent-solubilized GPCRs, phos- 
pholipids and a membrane scaffold protein, MSP1E3D1, into GPCR- 
nanodisc complexes****. GPCR activation upon ligand binding can be 
functionally assessed by B-arrestin binding to activated receptors, which 
is a G-protein-independent assay applicable to almost all GPCRs, 
including orphan receptors”. 

A compound library can be screened in multi-well plates, and in 
each well one compound is assayed with many barcoded GPCRs anda 
B-arrestin-2 (B-arr2) protein bearing a well-position-associated barcode 
(Fig. 3c). All the samples were pooled and deposited on one slide, and 
GPCR agonists were detected by measuring GPCR polony colocaliza- 
tion with corresponding f-arr2 polonies. Our efforts to obtain functional 
GPCRs using IVT systems were not successful, so they were expressed 
in baculovirus-infected insect cells, purified in nanodiscs and individ- 
ually barcoded (Fig. 1b). To establish assay conditions, we examined 
B-arr2 binding to an agonist (isoproterenol)-saturated B-adrenergic 
receptor (ADRB2), with and without GPCR kinase 2 (GRK2)-mediated 
receptor phosphorylation and under varied B-arr2 protein concentra- 
tions (Fig. 3d). The colocalization ratios were measured at 50 imaging 
positions on the array for statistical analysis. As expected, coupling the 
receptor phosphorylation to the assay improves the B-arr2 binding; 3- 
to 11-fold increases (largest P = 0.002) of the average colocalization 
ratios after phosphorylation were observed. The fitting of B-arr2 titra- 
tion data for the phosphorylated receptor yielded an apparent Kg of 
0.95 nM, which is close to the Kg of 0.23 nM obtained from traditional 
binding assays using radiolabelled B-arr2”°. 

To test the screening performance, we assayed three GPCRs, ADRB2, 
M1 and M2 muscarinic acetylcholine receptors (CHRM1 and CHRM2), 
with six compounds including full, partial, subtype-selective and non- 
selective agonists and two antagonists (Fig. 3e and Supplementary Table 2). 
The colocalization statistical analysis based on measurements of ~13,000- 
17,000 polonies for each receptor precisely identified the full agonists 
(isoproterenol and carbachol) from the others (largest P< 2.7 X 10 10)" 
Moreover, different types of agonists can be distinguished by compar- 
ing their polony colocalization ratios, for example, the full and partial 
agonists of ADRB2 (isoproterenol and pindolol, respectively; P < 0.004), 
and the orthosteric and allosteric agonists of CHRM1 (carbachol and 
xanomeline, respectively; P< 3 X 10 °). Thus, our method could allow 
parallel GPCR screening and compound profiling. 

An intriguing feature of this approach is the ability to screen two 
barcoded libraries in a single binding assay. Established techniques (for 
example, yeast two-hybrid systems”) for library versus library screen- 
ing are cell-based and require pairing both genes from two libraries to 
identify positive clones by performing individual PCR reactions”’. To 
demonstrate this capability, we prototyped a test of a demanding appli- 
cation, the binding profiling of an antibody repertoire. The screening 
of natural or semisynthetic monoclonal antibody libraries essentially in- 
cludes binding affinity selection and specificity profiling, which have to 
be conducted separately with current techniques. The traditional spe- 
cificity profiling is costly, usually requiring at least one protein chip for 
a single antibody test**, and thus has only been commercially applied to 
therapeutic antibodies. However, both processes could be integrated on 
our platform by screening an antibody library with a target-protein library. 

Specifically, we performed a one-pot assay containing 200 ribosome- 
displayed single-chain variable fragments (scFvs) and 55 human pro- 
teins including cytokines, growth factors and receptors synthesized 
in vitro (Extended Data Table 2). Twenty scFvs were derived by random 
mutagenesis from each of ten scFvs, the genes of which were previously 
synthesized from a programmable DNA microchip”. We sequenced 
~0.64 million polonies and measured the colocalization ratios for 11,000 
scFv-target protein (probe) pairs at 100 imaging positions (Fig. 4a and 
Supplementary Table 3). Of 200 scFvs, 147 were found with the highest 
colocalization ratios, 95 of which are significantly above the second 
highest (P < 0.05), and thus the highest specificity, to their predicted 
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Figure 4 | Parallel antibody binding profiling. a, Heat map of the 

mean colocalization ratios measured at 100 imaging positions (refer to 
Supplementary Table 3). ScFvs sharing the same origins were grouped by their 
numbers (Extended Data Table 2). b, Correlation between the polony 
colocalization statistics and the scFv immunoprecipitation results. For the 
immunoprecipitation assay, selected scFvs were fused to a C-terminal 
streptavidin binding peptide tag and bound to streptavidin magnetic beads to 
pull down human protein probes bearing a HaloTag, which can be labelled by 
Halo- tetramethylrhodamine (TMR) for fluorescent gel imaging. Error bars, 
95% CL, highlighted in red for specific scFv-probe binding. ***P < 0.001, 
one-tailed paired Student’s t-test. 


targets; the others failed probably because the construction of scFv frag- 
ments and mutations inhibit target binding. Substantial cross-reactivity 
can be sensitively detected, for example, 3,474 scFv—-probe pairs showed 
tenfold higher polony colocalization than random distribution (P < 0.01). 
scFv mutants of a same scFv, grouped by their numbers, exhibit similar 
but not identical binding patterns to the probes. Next, we confirmed the 
results of 40 scFv-probe pairs by individual immunoprecipitation assays 
and the colocalization statistics were consistent with relative fluor- 
escence intensities of the probe protein bands (Fig. 4b). Moreover, to 
further assess multiplexing potential, we developed a mathematical 
model that integrated parameters including Ky values of protein—probe 
complexes to be detected and numbers of proteins and probes that can 
be assayed simultaneously (Supplementary Notes). The model suggests 
that tens of thousands of proteins and probes can be quantifiably ana- 
lysed within a single assay. 

The protein barcoding requirement imposes limitations on SMI- 
seq. First, it cannot directly analyse proteins from biological samples. 
However, non-barcoded proteins can be detected in a similar fashion by 
using barcoded antibodies or aptamers as part of a proximity ligation 
assay'*"* In addition, PRMC complexes are susceptible to nuclease con- 
tamination, thus limiting the choice of IVT systems. Finally, barcoding 
DNA can non-specifically bind to proteins bearing nucleic-acid-binding 
domains. Although in the present study DNA templates were individ- 
ually barcoded, a large library can be prepared by introducing millions 
of chip-synthesized”’ or random barcoding sequences to an open read- 
ing frame (ORF) library by a single PCR reaction and later matching 
them to ORF sequences by next-generation sequencing. SMI-seq enables 
single-molecule counting of proteins and complexes in situ, fundament- 
ally improving sensitivity, accuracy and multiplexity (Extended Data 
Table 3 and Supplementary Discussion), and thus the demonstrated 
applications are difficult or impossible to perform with other high- 
throughput techniques (for example, PLATO). It is readily adaptable 
to industrial next-generation sequencing platforms and translated into 
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many applications. In addition to natural and recombinant proteins, it 
will be applicable to de novo proteins (for example, with unnatural amino 
acids or modifications), nucleic acids and barcoded small molecules*’. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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There have been no major advances for the treatment of metastatic 
urothelial bladder cancer (UBC) in the last 30 years. Chemotherapy 
is still the standard of care. Patient outcomes, especially for those in 
whom chemotherapy is not effective or is poorly tolerated, remain 
poor’. One hallmark of UBC is the presence of high rates of somatic 
mutations*°. These alterations may enhance the ability of the host 
immune system to recognize tumour cells as foreign owing to an 
increased number of antigens®. However, these cancers may also elude 
immune surveillance and eradication through the expression of pro- 
grammed death-ligand 1 (PD-L1; also called CD274 or B7-H1) in the 
tumour microenvironment”*. Therefore, we examined the anti-PD- 
L1 antibody MPDL3280A, a systemic cancer immunotherapy, for 
the treatment of metastatic UBC. MPDL3280A is a high-affinity engi- 
neered human anti-PD-L1 monoclonal immunoglobulin-G1 antibody 
that inhibits the interaction of PD-L1 with PD-1 (PDCD1) and B7.1 
(CD80). Because PD-L1 is expressed on activated T cells, MPDL3280A 
was engineered with a modification in the Fc domain that eliminates 
antibody-dependent cellular cytotoxicity at clinically relevant doses 
to prevent the depletion of T cells expressing PD-L1. Here we show 
that MPDL3280A has noteworthy activity in metastatic UBC. Res- 
ponses were often rapid, with many occurring at the time of the first 
response assessment (6 weeks) and nearly all were ongoing at the data 
cutoff. This phase I expansion study, with an adaptive design that 
allowed for biomarker-positive enriched cohorts, demonstrated that 
tumours expressing PD-L1-positive tumour-infiltrating immune cells 
had particularly high response rates. Moreover, owing to the favour- 
able toxicity profile, including a lack of renal toxicity, patients with 
UBC, who are often older and have a higher incidence of renal impair- 
ment, may be better able to tolerate MPDL3280A versus chemother- 
apy. These results suggest that MPDL3280A may have an important 
role in treating UBC—the drug received breakthrough designation 
status by the US Food and Drug Administration (FDA) in June 2014. 

We report on the safety and activity of MPDL3280A in patients with 
UBC who were enrolled in a UBC expansion cohort of a large phase I 
trial with an adaptive design. This progressive design has been used prev- 
iously to investigate immune checkpoint inhibitors in a spectrum of 
tumours and has resulted in regulatory approval in other settings’® (see 
also http://www.specialtypharmajournal.com/medical-news/oncology/ 
5119-japanese-regulators-approve-the-first-pd-1-drug-for-treatment- 
of-melanoma). This UBC cohort was initially selected by PD-L1 immuno- 
histochemistry (IHC) on tumour-infiltrating immune cells to test the 
hypothesis that PD-L1-positive patients might specifically respond to 
MPDL3280A. The cohort was subsequently expanded to include patients 
regardless of PD-L1 status to determine whether PD-L1-negative patients 
could also respond. Overall, 205 patients were pre-screened and speci- 
mens were centrally analysed for PD-L1 expression. Of the available 


pre-screen samples, 59% were from resections and 27% were from bio- 
psies. Analysis was permitted on both archived and fresh tissue. The 
time between tissue collection and starting MPDL3280A treatment is 
shown in Extended Data Fig. 1. The prevalence of positive PD-L1 
expression (IHC score 2 or 3 (2/3)) in tumour-infiltrating immune 
cells in the pre-screened population was 27% (Fig. 1a, b). Only 4% of 
pre-screened patients had positive PD-L1 expression in tumour-infilt- 
rating immune cells and in tumour cells. 

Patients in the UBC cohort were dosed between 13 March 2013 and 
1 January 2014. As of the clinical cutoff date of 1 January 2014, 68 patients 
with UBC received treatment and were evaluable for safety. Sixty-seven 
patients were evaluable for efficacy (one patient had less than 6 weeks 
follow up and therefore no efficacy evaluation). Of the efficacy-evaluable 
patients, 12 (18%) had tumours scored as PD-L1 IHC 0, 23 (34%) as IHC 
1, 20 (30%) as IHC 2, 10 (15%) as IHC 3, and 2 (3%) as unknown based 
on tumour-infiltrating immune cells (see Methods for precise defini- 
tions). One patient had a PD-L1 IHC score of 2 or 3 for both tumour- 
infiltrating immune cells and tumour cells. Twenty-one patients with 
PD-L1 IHC 2 or 3 scores were enrolled before the cohort was expanded 
to include patients regardless of IHC status. Patients were pre-treated 
with 62 (93%) receiving previous cisplatin- or carboplatin-based chemo- 
therapy (53 (79%) received previous cisplatin) and 48 (72%) receiving 2 
or more previous systemic treatments. Furthermore, many patients had 
poor prognostic factors at baseline’’”’, including 50 (75%) with visceral 
metastases, 12 (19%) with haemoglobin levels less than 10g dl}, 22 
(33%) with creatinine clearance less than 60 ml min’ ', 39 (59%) with 
an Eastern Cooperative Oncology Group (ECOG) performance score 
of 1, and 26 (42%) whose time from previous chemotherapy was 3 months 
or less (Table 1). 

In the safety-evaluable population, patients with UBC received 
MPDL3280A for a median duration of 65 days (range: 1-259 days). 
Of these patients, 57% reported a treatment-related adverse event (AE) 
of any grade, and 4% reported a grade 3 treatment-related AE, which 
included one occurrence each of asthenia, thrombocytopaenia and de- 
creased blood phosphorus (Table 2 and Extended Data Table 1). There 
were no grade 4 or 5 treatment-related AEs. Most treatment-related AEs 
were grade 1 or 2, and many were transient in nature. Overall, decreased 
appetite (grade 1/2, 22%; grade 3/4, 0%) and fatigue (grade 1/2, 18%; 
grade 3/4, 0%) were the most commonly reported toxicities and are 
thought to be related to immune system activation’* (Extended Data 
Table 2). No investigator-assessed immune-related toxicities were reported. 

For patients with a minimum of 6 weeks of follow-up, objective res- 
ponse rates (ORRs) were 43% (13 of 30; 95% confidence interval (CI): 
26-63%) for those with IHC 2/3 tumours and 11% (4 of 35; 95% CI: 
4-26%) for those with IHC 0 or 1 (0/1) tumours. The IHC 2/3 ORR 
included a 7% complete response rate (2 of 30) (Figs 1c and 2). Among 


1Barts Cancer Institute, Queen Mary University of London, Barts Experimental Cancer Medicine Centre, London EC1M 6BQ, UK. 2Yale Cancer Center, 333 Cedar Street, WWW211, New Haven, Connecticut 
06520, USA. 3Genentech, Inc. 1 DNA Way, South San Francisco, California 94080, USA. 4Comprehensive Cancer Centers of Nevada, 3730 S. Eastern Avenue, Las Vegas, Nevada 89169, USA. 5Gustave 

Roussy, 114 Rue Edouard Vaillant, 94805 Villejuif, France. °Vall d’Hebron Institute of Oncology (VHIO) and Vall d’Hebron University Hospital. Passeig Vall d’Hebron, 119-129, 08035, Barcelona, Spain. 
7Bladder Cancer Center, Dana-Farber/Brigham and Women’s Cancer Center, Harvard Medical School, 450 Brookline Avenue, Boston, Massachusetts 02215, USA. 8Sarah Cannon Research Institute, 3322 
West End Avenue, Suite 900, Nashville, Tennessee 37203, USA. °University of Nevada School of Medicine and US Oncology/Comprehensive Cancer Centers of Nevada, 3730 S. Eastern Avenue, Las Vegas, 


Nevada 89169, USA. 
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Figure 1 | PD-L1 prevalence and response rates 
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patients with IHC 2/3 tumours and a minimum of 12 weeks of follow- 
up, an ORR of 52% (13 of 25; 95% CI: 32-70%) was achieved. Sixteen of 
the seventeen responders had ongoing responses, and all seventeen res- 
ponders continued on treatment with MPDL3280A at the data cutoff. 
One patient who initially responded at the first response assessment 
later presented with new lesions, including a bladder mass thought to 
be consistent with pseudoprogression. A biopsy of the new mass revealed 
extensive necrosis. This patient continued on treatment and had com- 
pleted 12 cycles at the time of the data cutoff. 

While the median has not been reached, duration of response ranged 
from 0.1+ to 30.3+ weeks for patients with IHC 2/3 tumours and from 
0.1+ to 6.0+ weeks for patients with IHC 0/1 tumours. Furthermore, while 
response to MPDL3280A was associated with the tumour-infiltrating 
immune cell IHC scores (P = 0.026), there did not appear to be an asso- 
ciation with tumour cell IHC scores (P = 0.93; Extended Data Table 3). 

Exploratory subgroup analyses demonstrated that IHC 2/3 and IHC 
0/1 patients with an ECOG performance score of 1 had ORRs of 33% (5 
of 15) and 14% (3 of 22), respectively, while patients whose time from 
previous chemotherapy was =3 months had ORRs of 33% (3 of 9) and 
19% (3 of 16), respectively. The ORRs for patients with visceral meta- 
stases at baseline was 21% (4 of 19) and 10% (3 of 29) for IHC 2/3 and 
IHC 0/1 patients, respectively, while the ORRs for patients with no 
visceral metastases at baseline were 82% (9 of 11) and 17% (1 of 6) for 


IHC 2/3 and IHC 0/1 patients, respectively. The ORRs in current/ 
former smokers and never smokers were 25% (11 of 44) and 26% (6 
of 23), respectively. In total, most patients (55%) had a reduction in 
tumour burden as measured by Response Evaluation Criteria in Solid 
Tumours, version 1.1 (RECIST v1.1) (Fig. 2b). Overall, responses were 
rapid and occurred at a median of 42 days from starting treatment 
(Fig. 2c). Patients with IHC 2/3 tumours and IHC 0/1 tumours had 
a median follow up of 4.2 months (range: 1.1+ to 8.5 months) and 
2.7 months (range: 0.7 + to 3.6 months), respectively. Twenty-five patients 
(37%) had been discontinued from the study due to disease progression 
(n = 17), death (n = 4), lost to follow-up (n = 1), physician decision 
(n = 2), or patient decision (n = 1). 

Over the course of treatment with MPDL3280A, cytokines and cir- 
culating cells were monitored. Transient elevations in cytokines, includ- 
ing interleukin (IL)-18 and interferon (IFN)-y, were observed by cycle 
2 day 1. A similar dynamic profile was observed for proliferating CD8~ 
HLA-DR‘ Ki-67* T cells (Extended Data Fig. 3), consistent with the 
MPDL3280A mechanism of action. These markers were altered in all 
patients treated and were not associated with response. 

There is an urgent need for efficacious and well-tolerated therapies 
in metastatic UBC, as even first-line chemotherapy is poorly tolerated 
in a large proportion of individuals'*"*. The study results presented 
here demonstrate that not only can MPDL3280A treatment achieve 
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Table 1 | Baseline characteristics of efficacy-evaluable patients with UBC 


Characteristic PD-L1 IHC 2/3 PD-L1 IHC 0/1 Efficacy-evaluable patients 
(n = 30) (n= 35) (n= 67) 

Age (years) 

Median 66.5 63.0 65.0 

Range 42-86 36-81 36-86 
Sex (n (%)) 

Male 25 (83.3) 21 (60.0) 48 (71.6) 
ECOG PS (n (%)) 

) 14 (48.3)* 13 (37.1)+ 27 (40.9) 

1 15 (51.7)* 22 (62.9)+ 39 (59.1)t 
Smoking status (n (%)) 

Current/previous smoker 20 (66.7) 22 (62.9) 44 (65.7) 
Site of primary tumour (n (%)) 

Bladder 27 (90.0) 28 (80.0) 55 (82.1) 

Renal pelvis 1 (3.3) 3 (8.6) 4 (6.0) 

Ureter 6) 3 (8.6) 5 (7.5) 

Urethra 2 (6.7) (2.9) 3 (4.5) 
Sites of metastases at baseline (n (%)) 

Visceral 19 (63.3) 29 (82.9) 50 (74.6) 

Liver 9 (30.0) 2 (34.3) 22 (32.8) 
Prior treatments (n (%)) 

Cystectomy 20 (66.7) 1 (31.4) 32 (47.8) 

Chemotherapy 29 (96.7) 31 (88.6) 62 (92.5) 

Prior platinum 29 (96.7) 31 (88.6) 62 (92.5) 

Cisplatin 28 (93.3) 23 (65.7) 53 (79.1) 

Carboplatin 7 (23.3) 5 (42.9) 23 (34.3) 

22 Prior systemic regimens 21 (70.0) 25 (71.4) 48 (71.6) 

Prior BCG 6 (20.0) 5 (14.3) 1 (16.4) 
<3 months from last prior chemotherapy (n (%)) 9 (31.0)* 6 (51.6)8 26 (41.9)|I 
Organ function (n (%)) 

Alkaline phosphatase =ULN 4 (13.3) 10 (28.6) 6 (23.9) 

CrCl <60 mI min“? 7 (23.3)4 3 (38.2)* 22 (33.3) 
Haemoglobin <10gdl~! 2 (6.9)* 9 (26.5)* 2 (18.5) 
PD-L1 IHC (n (%)) 

) 0 (0) 2 (34.3) 2 (17.9) 

1 0 (0) 23 (65.7) 23 (34.3) 

2 20 (66.7) 0 (0) 20 (29.9) 

3 10 (33.3) 0 (0) 0 (14.9) 

Unknown 0 (0) 0 (0) 2 (3.0) 


BCG, Bacille Calmette-Guerin; CrCl, creatinine clearance; ULN, upper limit of normal. Two patients have unknown IHC status. 


*n=29. in=35. {n= 66. §n=31; ||n = 62; {n= 30; #n = 34; “n=65. 


high response rates, but also that the likelihood of response can be in- 
creased by determining the PD-L1 status of tumour-infiltrating immune 
cells. Previous biomarker analysis with immune check point inhibitors 
has focused on PD-L1 expression on tumour cells rather than tumour- 
infiltrating immune cells. The observation that expression of immune 
infiltrates on pre-treatment tissue—which can be far removed temporally, 
anatomically and biologically from the metastatic tumours—correlated 


Table 2 | Treatment-related adverse events occurring in two or more 
patients (grade 1-2) or in one patient (grade 3-4) 


All grades (n (%)) 


Treatment-related 
adverse events* (n = 68) 


Grade 3-4 (n (%)) 


All 39 (57.4) 3 (4.4) 
Decreased appetite 8 (11.8) 0 
Fatigue 8 (11.8) 0 
Nausea 8 (11.8) 0 
Pyrexia 6 (8.8) 0 
Asthenia 5 (7.4) 1 (1.5) 
Chills 3 (4.4) e) 
Influenza-like illness 3 (4.4) 0 
Lethargy 3 (4.4) 0 
Anaemia 229) 0 
Arthralgia 2 (2.9) 0 
Bone pain 2 (2.9) 0 
Hyperthermia 2 (2.9) 0 
Pain 2 (2.9) 0 
Platelet count decrease 2 (29) 0 
Pruritus 2 (29) 0 
Thrombocytopaenia 2 (2.9) 1 (1.5) 
Vomiting 2(29) 0 
Blood phosphorus 11.5) 1 (1:5) 
decrease 


* National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. 
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with outcomes provides some insight into the underlying stability of 
immune-related tumour surveillance in UBC. For example, the tissues 
examined here were originally obtained between 0 and 10 years before 
cycle 1, day 1, with most tissues being obtained within 4 years (Extended 
Data Fig. 1). The association of response to MPDL3280A with PD-L1 
expression on tumour-infiltrating immune cells was also recently ob- 
served in lung cancer’. 

While cross-study comparisons are limited, the 43% (95% CI: 26-63%) 
response rate achieved here in patients with PD-L1 IHC 2/3 tumours 
provides evidence of noteworthy clinical activity of MPDL3280A in 
patients with UBC and compares favourably with that previously seen 
with single-agent salvage regimens'*”. In addition, patients with PD- 
L1 IHC 0/1 tumours had a response rate of 11% (95% CI: 4-26%), con- 
sistent with historic response rates of 9-11% in randomized studies for 
patients with relapsed metastatic UBC’. Responses in this heavily pre- 
treated population were also rapid and occurred in patients with poor 
prognostic features. 

Chemotherapy is challenging to administer in patients with UBC who 
have a median age at diagnosis of 73 years and multiple co-morbidities” 
(see also http://seer.cancer.gov/statfacts/html/urinb.html). Many patients 
forgo chemotherapy for metastatic disease due to the toxicity and the 
limited durable benefit, and only approximately 40% of patients receive 
second-line treatment”. Therefore, the safety results with MPDL3280A 
are also encouraging. The larger and longer safety experience in the 
overall phase I study further indicates that MPDL3280A is well toler- 
ated, with AE rates lower than many of the standard second-line treat- 
ment options for metastatic UBC’. 

To gain a better understanding of how the immune system responds 
to MPDL3280A, the levels of the IL-18 immunostimulatory cytokine 
and IFN-y, which is stimulated by IL-18, were examined over several 
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Figure 2 | MPDL3280A anti-tumour activity in patients with UBC. 
a, Example ofa tumour response in a 68-year-old male who was initially treated 
for bladder cancer between 2011 and 2012. He underwent transurethral 
resection of the bladder tumour and intravesical Bacille Calmette-Guerin for 
localized recurrent disease (G3pT1c). Subsequently, cystectomy and adjuvant 
cisplatin-based chemotherapy were given for pT3aN2 disease. Nine months 
after the completion of chemotherapy, retroperitoneal lymph node relapse 
occurred. The patient refused further chemotherapy. As the patient was found 
to be PD-LI1 positive, he was enrolled and started treatment with MPDL3280A 
on 18 July 2013. After two cycles, a computed tomography scan demonstrated 
complete remission. As of the data cutoff, he has received eight cycles of 
treatment without evidence of disease progression. (See Extended Data Fig. 2 
for further details.) b, Waterfall plot according to tumour-infiltrating immune 
cell immunohistochemical (IHC) status, measuring the maximum percentage 
reduction from baseline in the sum of the longest diameter (SLD) for target 
lesions; +20% and —30% are marked by dashed lines. Eastern Cooperative 
Oncology Group (ECOG) performance status and the presence of visceral 
metastases, liver metastases, or haemoglobin (Hg) <10g dl are given by 
patient. X indicates missing data. Asterisk indicates patients with complete 
responses who had =100% reduction of the target lesions due to lymph 
node target lesions; all lymph nodes returned to normal size per Response 
Evaluation Criteria in Solid Tumours v1.1. ¢, Spaghetti plot providing response, 
presence of new lesions (red triangle) and discontinuation (black diamond) by 
patients over time. Figure does not include efficacy-evaluable patients with 
UBC who did not have any post-baseline tumour assessments. Asterisk 
indicates a value >100%. 


LETTER 


cycles. IL-18 and IFN-y levels transiently increased, in line with both 
having an important role in innate and adaptive immune responses™ 
as well as functioning in the proliferation of naive and memory CD8* 
T cells’’. Accordingly, a similar pattern was identified for CD8* HLA- 
DR*Ki-67" cells. As these changes occurred in all patients receiving 
MPDL3280A, they are indicative of a potential systemic host response 
to PD-L1 pathway inhibition and could provide a non-invasive immune 
monitoring tool. These dynamic, but transient, changes in the blood 
do not necessarily reflect the expression of immune parameters within 
the tumours, and examining sequential tissue during treatment with 
MPDL3280A will provide more insight into the molecular responses of 
tumours to MPDL3280A. 

Cancers with a high rate of somatic mutations, including non-small 
cell lung cancer, melanoma and UBC, appear to respond well to 
MPDL3280A. One hypothesis that explains this result is that patients 
with these cancers have an increase in tumour-specific antigens*”. Further 
work to evaluate the frequency of somatic mutations at baseline will help 
to elucidate the relationship between mutational frequency and res- 
ponse to PD-L1 blockade. 

This study provides striking preliminary efficacy and safety results 
with MPDL3280A for the treatment of UBC. Additionally, our data 
demonstrate the potential of immune cell PD-L1 levels as a biomarker. 
Our trial employed an adaptive-type design instead ofa traditional phase 
I approach with a fixed sample size. Using this approach for the expan- 
sion stage (details are provided in Methods) rapidly identifies and char- 
acterizes monotherapy activity in tumours types for which there are no 
expected spontaneous responses, including UBC. A futility-type rule was 
applied within each indication to suspend enrolment in that indication 
if there were no responders observed by a certain enrolment number. 
Additionally, expansion cohorts could be enrolled to achieve certain pre- 
cision in the safety and response rate estimates. This approach has been 
particularly useful for therapies that have rapid and strong monother- 
apy activity in a broad range of cancer types. 

Many recent phase I trials have used a similar adaptive-type design 
approach, without explicit power and type I error considerations**”’. 
This design allows for the exploration of the frequency and relevance of 
biomarkers as well as the rapid assessment of efficacy in specific tumour 
types. These trials, including ours, tend to recruit relatively large num- 
bers of patients with specific characteristics (tumour types and biomar- 
kers) into the expansion cohorts to increase the precision of the results. 
The flexibility that results from this type of trial design can be helpful 
when planning prospective randomized trials. 

On the basis of these data, the FDA granted MPDL3280A break- 
through status for UBC. Further investigation of MPDL3280A in UBC 
is warranted, in multiple settings, including in patients who have failed 
or are intolerable towards initial chemotherapy. Clinical studies are 
enrolling patients to study MPDL3280A in bladder and other cancers. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Predictive correlates of response to the anti-PD-L1l 
antibody MPDL3280A in cancer patients 
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Sandra Rost®, Maya Leabman*, Yuanyuan Xiao?, Ahmad Mokatrin?, Hartmut Koeppen’, Priti S. Hegde®, Ira Mellman’, 


Daniel S. Chen? & F. Stephen Hodi!* 


The development of human cancer is a multistep process character- 
ized by the accumulation of genetic and epigenetic alterations that 
drive or reflect tumour progression. These changes distinguish can- 
cer cells from their normal counterparts, allowing tumours to be re- 
cognized as foreign by the immune system’ *. However, tumours are 
rarely rejected spontaneously, reflecting their ability to maintain an 
immunosuppressive microenvironment’. Programmed death-ligand 
1 (PD-L1; also called B7-H1 or CD274), which is expressed on many 
cancer and immune cells, plays an important part in blocking the 
“cancer immunity cycle’ by binding programmed death-1 (PD-1) and 
B7.1 (CD80), both of which are negative regulators of T-lymphocyte 
activation. Binding of PD-L1 to its receptors suppresses T-cell mi- 
gration, proliferation and secretion of cytotoxic mediators, and re- 
stricts tumour cell killing**°. The PD-L1-PD-1 axis protects the host 
from overactive T-effector cells not only in cancer but also during 
microbial infections’. Blocking PD-L1 should therefore enhance anti- 
cancer immunity, but little is known about predictive factors of ef- 
ficacy. This study was designed to evaluate the safety, activity and 
biomarkers of PD-L1 inhibition using the engineered humanized 
antibody MPDL3280A. Here we show that across multiple cancer 
types, responses (as evaluated by Response Evaluation Criteria in Solid 
Tumours, version 1.1) were observed in patients with tumours expres- 
sing high levels of PD-L1, especially when PD-L1 was expressed by 
tumour-infiltrating immune cells. Furthermore, responses were asso- 
ciated with T-helper type 1 (T}1) gene expression, CTLA4 express- 
ion and the absence of fractalkine (CX3CL1) in baseline tumour 
specimens. Together, these data suggest that MPDL3280A is most 
effective in patients in which pre-existing immunity is suppressed by 
PD-L1, and is re-invigorated on antibody treatment. 

Pre-clinical studies demonstrated that anti-PD-L1 treatment of mice 
bearing implanted syngeneic tumours could lead to tumour regression 
and the induction of protective immune memory in the setting of re- 
challenge with tumour cells (Genentech, unpublished data). However, 
most mouse models constitutively express PD-L1 (ref. 12), which is not 
consistent with human tumours. Additionally, only a few syngeneic mod- 
els (notably the MC38 colon carcinoma model) were responsive to anti- 
PD-L1 as a single agent (Genentech, unpublished data). Therefore, a 
detailed analysis of PD-L1 expression in human tumours and its asso- 
ciation with clinical benefit was required. 

PD-L1 in human cancers was investigated using an anti- PD-L1 immu- 
nohistochemistry (IHC) antibody optimized for staining of formalin-fixed 
paraffin-embedded tissue samples. Staining of pre-treatment specimens 
submitted for our clinical study demonstrated expression across a range 
of cancers (Fig. 1a). PD-L1 staining was observed on tumour cells, as well 
as on tumour-infiltrating immune cells (Fig. 1b), with PD-L1-positive 


tumour-infiltrating immune cells being more common than PD-L1- 
positive tumour cells. PD-L1-positive tumour-infiltrating immune cells 
included myeloid cells (macrophages, dendritic cells) and T cells; B cells 
were negative for PD-L1 (Fig. 1c). 

We developed a high-affinity human monoclonal immunoglobulin-G1 
(IgG1) antibody for clinical use that specifically binds to PD-L1 (MPDL- 
32804; binding affinity Kg (dissociation constant) = 0.4 nM) and pre- 
vents its interaction with PD-1 and B7.1. However, the antibody would 
leave intact the interaction of PD-1 with its alternative ligand PD-L2 (also 
called B7-DC or CD273), which is thought to have a key role in main- 
taining peripheral tolerance, particularly in the lung’*"*. MPDL3280A 
was engineered with a crystallizable fragment (Fc) domain modification 
eliminating antibody-dependent cellular cytotoxicity at clinically rele- 
vant doses, preventing depletion of activated T cells'*'® (see Methods). 

Patients were treated with MPDL3280A, and pre-treatment and on- 
treatment tumour specimens were characterized from available samples. 
A total of 277 patients with advanced incurable cancer received MPDL- 
3280A intravenously every 3 weeks (q3w; Extended Data Fig. la, b and 
Extended Data Table 1; see Methods). Mean single-dose MPDL3280A 
pharmacokinetics were consistent with a typical IgG1 at doses =1 mg kg’, 
with a mean terminal serum half-life of ~3 weeks (Extended Data Fig. 1c). 
Overall, treatment was well tolerated up to the maximum administered 
dose of 20 mgkg | q3w (Table 1). 

Most adverse events (AEs) did not require medical treatment. The 
most common treatment-related AE was fatigue (Table 1), which often 
occurred with low-grade fever during the first treatment cycle. Pyrexia 
was reported in ~21% of patients; it most commonly occurred during 
cycle 1 and was uncommon during subsequent cycles (Extended Data 
Fig. 2a). Additionally, an ~2-fold increase in activated proliferating CD8 
T cells (CD8* HLA-DR‘ Ki-67*) and a trend of increased circulating 
interferon (IFN)-y were observed by the end of the first cycle (Extended 
Data Fig. 2b, c). 

Treatment-related grade 3-4 AEs were observed in 35 patients (13%) 
and immune-related grade 3-4 AEs were observed in 3 patients (1%) 
(see Methods for further information regarding AE grades). No cases 
of grades 3-5 pneumonitis were seen. 

The impact of PD-L1 inhibition on metastatic lesions was evaluated 
per Response Evaluation Criteria in Solid Tumours, version 1.1 (RECIST 
v1.1). In the 175 efficacy-evaluable patients (with demographic and base- 
line characteristics similar to those in all patients), confirmed responses 
(complete and partial responses) were observed in 32 of 175 (18%), 11 
of 53 (21%), 11 of 43 (26%), 7 of 56 (13%) and 3 of 23 (13%) of patients 
with all tumour types, non-small cell lung cancer (NSCLC), melanoma, 
renal cell carcinoma and other tumours (including colorectal cancer, gas- 
tric cancer, and head and neck squamous cell carcinoma), respectively. 


lYale Comprehensive Cancer Center, Yale School of Medicine, 333 Cedar Street, WWW221, New Haven, Connecticut 06520, USA. 2Gustave Roussy South-Paris University, 114 Rue Edouard Vaillant, 94805 
Villefuij, Cedex, France. 3Genentech, Inc., 1 DNA Way, South San Francisco, California 94080, USA. “The Angeles Clinic and Research Institute, 11818 Wilshire Blvd, Los Angeles, California 90025, USA. 
5Pinnacle Oncology Hematology, 9055 E Del Camino Dr 100, Scottsdale, Arizona 85258, USA. ®vanderbilt-Ingram Cancer Center, 2220 Pierce Avenue, Nashville, Tennessee 37212, USA. “Beth Israel 
Deaconess Medical Center, 330 Brookline Avenue, Shapiro 9, Boston, Massachusetts 02215, USA. Carolina BioOncology Institute, 9801 W. Kincey Ave, Suite 145, Huntersville, North Carolina 28078, USA. 
2Stanford University, CCSR Bldg Room 1110, Stanford, California 94305, USA. 10Vanderbilt-Ingram Cancer Center, 1301 Medical Center Dr, Suite 1710, Nashville, Tennessee 37212, USA. !!Massachusetts 
General Hospital, 55 Fruit Street, YAW 9E, Boston, Massachusetts 02114, USA. 12Dana-Farber/Brigham and Women's Cancer Center, 450 Brookline Avenue, Boston, Massachusetts 02215, USA. 
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a“ PD-L1 prevalence determined with a Genentech/Roche anti-PD-L1 IHC assay 


Indication n Percentage of PD-L1 positive (IC) Percentage of PD-L1 positive (TC) 
NSCLC 184 26 24 

RCC 88 25 10 

Melanoma 58 36 5 

HNSCC 101 28 19 

Gastric cancer 141 18 5 

CRC Ee 35 1 

Pancreatic cancer 83 12 4 
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Four more patients had unconfirmed responses (Table 2, Fig. 2 and Ex- 
tended Data Fig. 3a). Responses could also be rapid and durable (Fig. 2b 
and Extended Data Fig. 3a), with shrinking or resolving palpable lesions 
detected within days in some responders and nearly all responders (es- 
pecially patients with NSCLC) continuing to respond and staying on 
study. In addition, RECIST may not accurately describe the full spectrum 


Table 1 | Adverse events 


Figure 1 | Programmed death-ligand 1 (PD-L1) prevalence and expression. 
a, PD-L1 prevalence by immunohistochemistry (IHC) in samples collected for 
PCD4989g. PD-L1 positivity was defined as =5% of tumour-infiltrating 
immune cells (ICs) or tumour cells (TCs) staining for PD-L1 by IHC. 

b, Representative images of PD-L1 by IHC (brown) in tumours from patients 
with non-small cell lung cancer (NSCLC). The PD-L1-negative image is at 
20 magnification, other images at 40x magnification. c, Co-localization 

of PD-L1 with selected tumour-infiltrating immune cell and tumour cell 
markers by immunofluorescence in NSCLC and melanoma tumours. PD-L1 
staining in red; markers of tumour-infiltrating immune cells and tumour 
cells in green; and DAPI staining in blue. Areas of overlap are indicated with 
white arrowheads. All four images are at 40X resolution. Markers of tumour- 
infiltrating immune cells: CD163 (macrophages), CD11c (dendritic cells) 

and CD3 (T cells). Marker of tumour cells: cytokeratin (CK). CRC, colorectal 
cancer; HNSCC, head and neck squamous cell carcinoma; NSCLC, non-small 
cell lung cancer; RCC, renal cell carcinoma. 


of responses observed because some patients who had a best response 
of progressive disease per RECIST went on to develop durable tumour 
shrinkage or prolonged stable disease (pseudoprogression)'”. The med- 
ian progression-free survival of all patients was 18 weeks. We also per- 
formed an exploratory analysis of patients with NSCLC and detected a 
potential trend of former/current smokers responding better to MPDL- 
3280A versus never smokers (11 of 26 (42%) versus 1 of 10 (10%), re- 
spectively; P = 0.4229 using a Fisher exact test; see the accompanying 
paper (ref. 18) for further discussion). 

There appears to be an association between response and the expres- 
sion of PD-L1 in pre-treatment samples (Fig. 3 and Extended Data Figs 3 
and 4). The association of response to MPDL3280A treatment and 
tumour-infiltrating immune cell PD-L1 expression reached statistical 
significance (NSCLC, P = 0.015 (Fig. 3a and Extended Data Fig. 4a); all 
tumours, P = 0.007 (Fig. 3b, cand Extended Data Fig. 4b)), while the as- 
sociation with tumour cell PD-L1 expression did not (NSCLC, P = 0.920 
(Extended Data Fig. 4c); all tumours, P = 0.079 (Extended Data Fig. 4d)). 


Treatment-related AEs (n = 277) 


AEs regardless of attribution (n = 277) 


Events (=4% of patients) Any grade (n (%)) Grade 3-4 (n (%)) Events (=5% of patients) Any grade (n (%)) Grade 3-4 (n (%)) 
Any AE 194 (70.0) 35 (12.6) Any AE 263 (94.9) 108 (39.0) 
Fatigue 67 (24.2) 5 (1.8) Fatigue 100 (36.1) 9 (3.2) 
Decreased appetite 33 (11.9) - Nausea 69 (24.9) 2 (0.7) 
Nausea 32 (11.6) 1 (0.4) Dyspnoea 66 (23.8) 11 (4.0) 
Pyrexia 32 (11.6) = Decreased appetite 64 (23.1) - 
Diarrhoea 29 (10.5) = Cough 60 (21.7) - 
Rash 29 (10.5) = Diarrhoea 60 (21.7) - 
Pruritus 23 (8.3) = Pyrexia 57 (20.6) - 
Arthralgia 22 (7.9) = Constipation 55 (19.9) - 
Headache 21 (7.6) 1 (0.4) Headache 49 (17.7) - 
Chills 19 (G9) = Vomiting 46 (16.6) - 
Influenza-like illness 16 (5.8) 1 (0.4) Anaemia 44 (15.9) 10 (3.6) 
Asthenia 15 (5.4) 2 (0.7) Insomnia 43 (15.5) - 
Dyspnea 15 (5.4) 2 (0.7) Back pain 42 (15.2) 4 (1.4) 
Pain 15 (5.4) 1 (0.4) Arthralgia 41 (14.8) - 
Myalgia 13 (4.7) = Rash 40 (14.4) - 
Anaemia 12 (4.3) 2 (0.7) Asthenia 34 (12.3) 4 (1.4) 
Dry skin 12 (4.3) = Pruritus 33:(11.9) - 
Night sweats 12 (4.3) ed Chills 31 d12) - 
Vomiting 11 (4.0) 1 (0.4) Upper respiratory tract infection 30 (10.8) - 
Other grade 3-4 AEs, =2 patients Anxiety 20 (7.2) = 
ALT increased 6 (2.2) 3 (1.1) Influenza-like illness 20 (7.2) - 
AST increased 4 (1.4) 3.1) Nasal congestion 20 (7.2) - 
Hypoxia 4 (1.4) 31.1) Urinary tract infection 20 (7.2) 3 (1.1) 
Hyperglycaemia 4 (1.4) 2 (0.7) Dehydration 9 (6.9) 4 (1.4) 
Hyponatraemia 4 (1.4) 2 (0.7) Hyperglycaemia 9 (6.9) 7@35) 
Cardiac tamponade 20.7) 2 (0.7) Myalgia 9 (6.9) - 
Hypophosphataemia 2 (0.7) 2 (0.7) Night sweats 9 (6.9) - 
Tumour lysis syndrome 2 (0.7) 2 (0.7) Productive cough 9 (6.9) - 
Dry skin 6 (5.8) - 
Dry mouth 4 (5.1) - 
Hypoxia 4 (5.1) 6 (2.2) 
Weight decreased 4 (5.1) - 


AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase. 
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Table 2 | Efficacy of MPDL3280A across tumour types 


Tumour types ORR* (n(%)) — SD (best PD (best SD =24 24-week 
(95% Cl) response) response) weeks PFS (%) 
(n(%)) (n (%)) (n (%)) 
Overall (n = 175) 36 (21) 68 (39) 65 (37) 33 (19) 42 
(15-27) 
SCLC (n = 53) 12 (23) 18 (34) 21 (40) 9(17) 45 
(12-35) 
on-squamous 9 (21) 16 (38) 16 (38) 7 (17) 44 
(n= 42) (11-36) 
Squamous (n= 11) 3 (27) 2 (18) 5 (46) 2 (18) 46 
(8-61) 
elanoma (n = 43) 13 (30) 11 (26) 18 (42) 4 (9) Al 
(18-45) 
Cutaneous (n = 33) 12 (36) 9 (27) 11 (33) 4 (12) 51 
(21-55) 
Mucosal (n = 5) 1 (20) ) 4 (80) 0) 20 
(1-66) 
Ocular (n = 4) 0) 1 (25) 3(/5) ) 0 
(0-53) 
RCC (n = 56) 8 (14) 30 (54) 17 (30) 18 (32) 48 
(6-25) 
Clear cell (n = 49) 7 (14) 28 (57) 14 (29) 18 (37) 52 
(7-27) 
Non-clear cell 1(14) 2 (29) 3 (43) 0) 17 
(n=7) (1-55) 
Other (for example, 3 (13) 9 (39) 9 (39) 2 (9) 24 
CRC, GC and (4-32) 


HNSCC; n= 23)+ 


Patients dosed by 1 October 1 2012, with =1 mgkg ! with a baseline tumour assessment. Data cutoff 
was 30 April 2013. Cl, confidence interval; CRC, colorectal cancer; GC, gastric cancer; HNSCC, head and 
neck squamous cell carcinoma; NSCLC, non-small cell lung cancer; ORR, objective response rate; PD, 
progressive disease; PFS, progression-free survival; RCC, renal cell carcinoma; SD, stable disease. 

* Per RECIST v1.1. All responses were confirmed except for in one patient with NSCLC, one patient with 
RCC and two patients with melanoma. 

+ Sarcoma (n = 2), ovarian (n = 1), head and neck (n = 6), breast (n = 3), colorectal (n = 6), pancreatic 
(n= 1), gastric (n = 1), oesophageal (n = 1), uterine (n = 1) and pancreatoduodenal (n = 1). 


For example, 83% of patients with IHC score 3 (tumour-infiltrating im- 
mune cell) NSCLC responded to treatments with only 17% progressing, 
whereas 43% of patients with IHC 2 (tumour-infiltrating immune cell) 
NSCLC were limited to disease stabilization (Fig. 3a and Extended Data 
Fig. 4a; see Methods for the IHC score definitions). Of the patients with 
IHC 3 (tumour cell) NSCLC, only 38% (3 of 8) responded while 38% (3 
of 8) progressed (Extended Data Fig. 4c). There was also a trend between 
tumour IHC status and median progression-free survival (Fig. 3c). 

When tumour samples were examined for the expression of differ- 
ent immune inhibitory factors (see Methods), the expected correlation 
with lack of response to MPDL3280A was not seen (Extended Data 
Fig. 5a, left panel). Instead there was a trend towards increased response 
in PD-L1-positive patients expressing a second negative regulator (Ex- 
tended Data Fig. 5a, right panel). High PD-L2 expression did not appear 
to be associated with resistance to MPDL3280A, and some patients whose 
pre-treatment tumour biopsies showed the highest levels of PD-L2 ex- 
pression experienced strong responses to MPDL3280A (for example, 
maximum sum of the longest diameter (SLD) decreases of 57%, 41% and 
49%). Finally, the expression of CTLA4 and fractalkine in pre-treatment 
tumours appeared to correlate strongly with either response (CTLA4) 
or progression (fractalkine) after MPDL3280A (Extended Data Fig. 5b). 

We compared results obtained for pre-treatment NSCLC tumours 
with those for renal cell carcinoma and melanoma (Extended Data Fig. 6). 
Although the expression of PD-L1 in MPDL3280A-responsive patients 
was a common feature, other aspects of the immune microenvironment 
appeared different. In melanoma, pre-treatment tumours in respond- 
ing patients demonstrated elevated expression of IFN-y as well as IFN- 
y-inducible genes (for example, [DO1 and CXCL9). These associations 
were weaker in patients with NSCLC or renal cell carcinoma. 

To characterize the immunological events associated with tumour re- 
sponse or progression, serial on-treatment tumour biopsies were per- 
formed in 28 patients (Fig. 4a). After treatment, regressing lesions displayed 
a dense immune infiltrate and extensive tumour cell necrosis accom- 
panied by the apparent sterilization of cancer cells in some cases (Extended 
Data Fig. 7a, b). A decrease in tumour SLD appeared to be accompanied 
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Figure 2 | Antitumour activity of MPDL3280A. a, A waterfall plot of patients 
with non-small cell lung cancer (NSCLC) measuring the maximum reduction 
from baseline in the sum of the longest diameter (SLD) for target lesions; +20% 
and —30% are marked by dashed lines. b, The time to response (Response 
Evaluation Criteria in Solid Tumours version 1.1) and the duration of study 
treatment for patients with NSCLC. The patient with progressive disease 
(PD) experienced ongoing clinical benefit as judged by the investigator. All but 
one response was confirmed. c, A waterfall plot of patients with all tumour 
types measuring the maximum reduction from baseline in the SLD for target 
lesions; +20% and —30% are marked by dashed lines. IC, tumour-infiltrating 
immune cells; IHC, immunohistochemistry; RCC, renal cell carcinoma. 


by an increase in PD-L1 expression on tumour-infiltrating immune cells 
and tumour cells (Fig. 4a). The increase in PD-L1 expression with treat- 
ment correlated with changes in tumour IFN-y expression (Pearson cor- 
relation coefficient = 0.70; Extended Data Fig. 5c). In addition, RNA 
isolated from regressing lesions was analysed for the presence of tran- 
scripts of immunological importance using a Fluidigm-based ‘immuno- 
chip’ (iChip, see Methods), and displayed expression patterns indicative 
ofa generalized activation of CD8 and Ty1 T-cell responses (Extended 
Data Fig. 7c). 

In contrast, most progressing patients with on-treatment biopsies 
showed a lack of PD-L1 upregulation by either tumour cells or tumour- 
infiltrating immune cells. These growing tumours displayed one of three 
patterns: (1) little or no tumour-infiltrating immune cell infiltration (‘im- 
munological ignorance’; Fig. 4b and Extended Data Fig. 8a); (2) presence 
of an intra-tumoral immune infiltrate with minimal to no expression 
of PD-L1 (‘non-functional immune response’; Fig. 4b and Extended 
Data Fig. 8b); or (3) presence of an immune infiltrate that resided solely 
around the outer edge of the tumour cell mass (‘excluded infiltrate’; 
Fig. 4b and Extended Data Fig. 9). Chip analysis of samples from these 
non-responders failed to provide evidence of activated T cells (Extended 
Data Figs 8b and 9). In cases where an excluded infiltrate of CD8* T 
cells was observed before treatment, PD-L1 inhibition did not induce 
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@ Activity of MPDL3280A in NSCLC IHC (IC) 


@ =~ Summary of responses to MPDL3280A in paired biopsies 


Diagnostic ORR SD (best sD PD (best 24-week PFS Median PFS 
population (RECIST) response) 224 weeks response) (%) (weeks) 
(n (%)) (n (%)) (0 (%) (n (%)) (95% Cl) 
IHC 3 (n = 6) 5 (83) 0 0 1 (17) 83.3 NE (5,NE) 
IHC 2 (n =7) 1 (14) 3 (43) 0 2 (29) 14.3 44 (1,17) 
IHC 1 (n = 13) 2 (15) 3 (23) 4 (8) 7 (64) 25.6 6 (6,43) 
IHC 0 (n = 20) 4 (20) 7 (35) 4 (20) 9 (45) 45.0 13 (6,37) 
Unknowns (n = 7) 0) 5 (71) 4 (57) 2 (29) 71.4 NE (6,NE) 
All patients (n= 53) 12 (23) 18 (34) 9(17) 21 (40) 44.7 15 (6,43) 
b Activity of MPDL3280A in all tumour types IHC (IC) 
Diagnostic ORR SD (best sD PD (best 24-week PFS Median PFS. 
population (RECIST) response) 224 weeks response) (%) (weeks) 
(0 (%)) (1 (%)) (n(%) (n (%)) (95% Cl) 
IHC 3 (n = 33) 15 (46) 9 (27) 4 (12) 8 (24) 60.0 37 (18,59) 
IHC 2 (n = 23) 4(17) 12 (52) 6 (26) 6 (26) 43.0 48 (6,48) 
IHC 1 (n = 34) 7 (21) 11 (32) 6 (18) 44 (41) 40.9 17 (6,43) 
IHC 0 (n = 60) 8 (13) 22 (37) 11 (18) 29 (48) 33.9 8 (6,18) 
Unknowns (n=25) —.2(8) 14 (66) 6 (24) 8 (32) 38.9 20 (6,NE) 
All patients (n = 175) 36 (21) 68 (39) 33 (19) 65 (37) 42.2 18 (12,24) 
c 
1.0 Median cl Range 
IHC 0 (n = 60) 8.14 5.57 to 17.57 4.14 to 73.14+ 
— — - IHC 1(n=34) 17.14 6.00 to 43.29 0.14+ to 50.57+ 
0.8 - IHC 2 (n= 23) 18.14 6.00 to 48.14 1.00 to 48.57+ 
cel ne | | cence Sr IHC 3 (n = 33) 37.28 18.29 to 59.00 1.86 to 59.00 
2 —-— Unknown (n = 25) 19.71 6.29 to NE 0.14+ to 48.00+ 
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Figure 3 | Antitumour activity of MPDL3280A by immunohistochemistry 
(IHC) tumour-infiltrating immune cell (IC) and biomarker status. a, Table 
of antitumour activity in patients with NSCLC by PD-L1 IHC (IC) status. 
Patients with no post-first dose assessment were not estimable (NE; 1 with IHC 
1 and 1 with IHC 2), but were included in the denominator for calculating 
objective response rate (ORR). b, Table of antitumour activity in patients with 
all tumour types by PD-L1 IHC (IC) status. Patients with no post-first dose 
assessment were not estimable and not included in the table (1 with IHC 0, 2 
with IHC 1, 1 with IHC 2 and 1 with IHC 3), but were included in the 
denominator for calculating ORR. c, Kaplan-Meier curve showing the phase I 
percentage of progression-free survival by patient IHC (IC) status. Censored 
data are indicated by vertical tick marks. CI, confidence interval; NSCLC, 
non-small cell lung cancer; ORR, objective response rate; PD, progressive 
disease; PFS, progression free survival; PR, partial response; RECIST, 
Response Evaluation Criteria in Solid Tumours; SD, stable disease. 


infiltration, although both proliferation and PD-L1 expression were de- 
tected in tumour-infiltrating immune cells at the tumour margin (Fig. 4b). 
Non-functional immune responses may explain why the presence of 
pre-treatment CD8° T cells in tumours (as opposed to the presence of 
PD-L1-positive infiltrates) failed to predict responses to MPDL3280A 
(Fig. 4b and Extended Data Fig. 8b). 

Tumours that were non-responsive to MPDL3280A also did not ex- 
hibit an upregulation of genes associated with enhanced T-effector-cell 
activity in contrast to MPDL3280A-responsive tumours. Additionally, 
the expression of FOXP3 neither increased nor decreased in respond- 
ing lesions, suggesting that T-regulatory cells may not havea major role 
in anti-PD-L1-responsive tumours. 

Blood-based immune biomarkers were also examined. Several changes 
were observed, but these did not track significantly with response or pro- 
gression following MPDL3280A administration. Increases in IL-18, ITAC 
(also called CXCL11 or IP-9) and CD8* HLA-DR*Ki-67" T cells, as well 
as a modest increase in IFN-y, were observed during the first cycle of 
treatment (Extended Data Fig. 2b, c), whereas the average IL-6 expres- 
sion levels exhibited a downward trend by cycle 2, day 1. 
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Increase in PD-L1 (TC) Increase in PD-L1 (IC) 


(no. (%)) (no. (%)) 
Maximum SLD decrease 
>30% reduction 3/6 (50) 5/6 (83) 
0%-30% reduction 3/8 (37) 2/8 (25) 
0%-20% increase 2/9 (22) 1/9 (11) 
>20% increase 0/3 (0) 1/3 (33) 
Unevaluable SLD 1/1 (100) 4/1 (100) 
Objective response per RECIST v1.1 
Best response of PR 3/5 (60) 4/5 (80) 
Best response of SD 5/12 (42) 2/12 (17) 
Best response of PD 1/11 (9) 4/11 (36) 
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Figure 4 | Biomarker status and response to MPDL3280A. a, Table 
summarizing the frequency of patients with an increase in PD-L1-positive 
tumour-infiltrating immune cells (ICs) and tumour cells (TCs) by change in the 
sum of the longest diameter (SLD) and by response to MPDL3280A in patients 
with paired serial biopsies. There were 28 paired serial biopsies. Of these, 

16 tumours were melanoma, 4 were renal cell carcinoma, 4 were non-small cell 
lung cancer, 2 were head and neck carcinoma, and 2 were colorectal cancer. 
Patients with an increase of =5% in PD-L1-expressing tumour cells and 
tumour-infiltrating immune cells were identified as having increased PD-L1 
expression by IHC after treatment with MPDL3280A. The patient who was 
unevaluable for SLD had the responding tumour excised for biomarker 
analysis. This table also includes one patient with progressive disease (PD) 
by RECIST version 1.1 but without post-dose SLD measures. b, Left: 
‘immunological ignorance’ visualized by CD8 IHC. See Extended Data Fig. 8a 
for additional information. Middle: ‘non-functional immune response’ 
visualized by CD8 IHC. See Extended Data Fig. 8b for additional information. 
Right: ‘excluded infiltrate’ visualized by CD8 IHC. See Extended Data Fig. 9 for 
additional information. All images are at 10X magnification. PR, partial 
response; RECIST, Response Evaluation Criteria in Solid Tumours; SD, 
stable disease. 


In recent years it has become clear that modulation ofa patient’s im- 
mune system can be an effective cancer therapy’ *”; however, our under- 
standing of human cancer immunology is incomplete. Therefore, as part 
of our phase Ia dose escalation and expansion study with MPDL3280A, 
we focused on understanding the biomarkers relating to the PD-L1- 
PD-1 pathway. 

This MPDL3280A study did not follow the design of a traditional 
phase I clinical trial, but instead enrolled large numbers of patients with 
defined characteristics into expansion phases. MPDL3280A doses ran- 
ged from 0.01 to 20 mgkg  ' q3w and clinical activity was seen from 1 
to 20mgkg”'. The maximum tolerated dose of MPDL3280A was not 
reached, and no dose-limiting toxicities were observed (ref. 18). Because 
15mgkg | q3wwas sufficient to maintain target drug levels (based on 
clinical and non-clinical information), the equivalent fixed dose of 1,200 mg 
q3w is being moved forward in clinical development as monotherapy. 
The accompanying report (ref. 18) additionally describes the activity of 
MPDL3280A in bladder cancer. 

In addition to observing clinical responses greater than the historic 
averages in these refractory patient populations, our most important 
finding was the association of PD-L1 expression with clinical response 
to MPDL3280A. It was unexpected that the association of tumour- 
infiltrating immune cell PD-L1 expression with treatment response ap- 
peared stronger than that with tumour cell PD-L1 expression. This finding 
appears inconsistent with a simple ‘adaptive response’ hypothesis where 
T-cell-derived IFN-y induces protective expression of PD-L1 by the tu- 
mour cells'*”*. While upregulation of PD-L1 by tumour cells occurred 
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post-treatment in responders, our results instead suggest that tumour- 
infiltrating immune cells may be more sensitive to IFN-y expression and 
may act preferentially to suppress pre-existing T-cell responses before 
therapy. These data indicate that, although additional immune regula- 
tory pathways may be involved, PD-L1 appears to have a dominant role 
in direct T-cell immunosuppression. Furthermore, intratumoral expres- 
sion of PD-L2 did not affect the response to anti-PD-L1, and the expres- 
sion of other T-cell negative regulators also failed to correlate with poor 
response. Although we cannot exclude the possibility that inhibiting these 
receptors might enhance responses to PD-L1 blockade, it was striking 
that MPDL3280A was effective despite their presence**”. 

Higher pre-treatment expression of CTLA4 was observed to correl- 
ate with response to MPDL3280A. These results suggest that CTLA4, 
although an important regulator during T-cell expansion, is also a mar- 
ker of the presence of activated T cells whose functional role as a nega- 
tive regulator of intra-tumoral T cells appears to be less important than 
that of PD-L1 (refs 19, 22). Another correlation was that of elevated pre- 
treatment fractalkine expression with disease progression. This result 
was unexpected because this chemokine is generally associated with T- 
cell infiltration. 

We also examined blood-based biomarkers. The observed rise in 
ITAC—an IFN-y inducible chemokine that is chemotactic for activated 
T cells” and IL-18, a pro-inflammatory cytokine whose presence gen- 
erally induces, rather than reflects, IFN-y release—suggests the rapid 
expansion ofa pre-existing primed immune state, perhaps even extra- 
tumorally. The increases in activated cytotoxic T lymphocytes during 
this same time frame and the clinical reports of fever during cycle 1 fur- 
ther support this notion’””* and indicate that PD-L1 blockade may also 
contribute to an overall expansion of the T-cell compartment at the level 
of antigen-presenting cells. The decrease in IL-6 may be indicative of the 
opposing role of effector T cells and suppressive myeloid cells. Given that 
these changes do not clearly segregate responding patients, they may 
reflect a systemic re-priming and expansion of both pre-existing anti- 
tumour T-cell and non-tumour-directed T-cell populations. 

In summary, this study analysed the mechanisms associated with clin- 
ical response and lack of response to MPDL3280A, providing evidence 
for the ‘inflamed tumour hypothesis’*”°. However, larger studies will 
be needed to study the relationship between PD-L1 expression and pa- 
tient survival. Pre-existing immunity is probably necessary for most re- 
sponses, and is further amplified during treatment. While important to 
further characterize the immune profile of responders, understanding 
the profile of non-responders will probably provide even more valuable 
information, possibly revealing the diversity of mechanisms controlling 
antitumour immunity and suggesting new strategies to promote the 
cancer immunity cycle’. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Therapies that target the programmed death-1 (PD-1) receptor have 
shown unprecedented rates of durable clinical responses in patients 
with various cancer types’°. One mechanism by which cancer tissues 
limit the host immune response is via upregulation of PD-1 ligand 
(PD-L1) and its ligation to PD-1 on antigen-specific CD8™ T cells 
(termed adaptive immune resistance)°’. Here we show that pre-existing 
CD8* T cells distinctly located at the invasive tumour margin are 
associated with expression of the PD-1/PD-L1 immune inhibitory 
axis and may predict response to therapy. We analysed samples from 
46 patients with metastatic melanoma obtained before and during 
anti-PD-1 therapy (pembrolizumab) using quantitative immunohis- 
tochemistry, quantitative multiplex immunofluorescence, and next- 
generation sequencing for T-cell antigen receptors (TCRs). In serially 
sampled tumours, patients responding to treatment showed prolifer- 
ation of intratumoral CD8* T cells that directly correlated with radio- 
graphic reduction in tumour size. Pre-treatment samples obtained 
from responding patients showed higher numbers of CD8-, PD-1- 
and PD-L1-expressing cells at the invasive tumour margin and inside 
tumours, with close proximity between PD-1 and PD-L1, and a more 
clonal TCR repertoire. Using multivariate analysis, we established a 
predictive model based on CD8 expression at the invasive margin 
and validated the model in an independent cohort of 15 patients. Our 
findings indicate that tumour regression after therapeutic PD-1 block- 
ade requires pre-existing CD8” T cells that are negatively regulated 
by PD-1/PD-L1-mediated adaptive immune resistance. 

Recently, we reported sustained tumour regression in 38% of patients 
in a multi-institutional, international, phase 1 expansion study evaluat- 
ing the safety and clinical activity of pembrolizumab (formerly known 
as MK-3475 and lambrolizumab), a humanized monoclonal antibody 
against PD-1, in patients with advanced melanoma (http://ClinicalTrials. 
gov study number NCT01295827)**. PD-L1, known to be expressed by 
cells in the tumour microenvironment, engages PD-1 on T cells and sub- 
sequently triggers inhibitory signalling downstream of the TCR, block- 
ing effector functions and reducing T-cell killing capacity®. PD-L1 can 
be constitutively expressed on the surface of cancer cells through poorly 
characterized oncogenic signalling pathways”””, or alternatively, expressed 
in response to the presence of T cells producing immune-stimulating 
cytokines such as interferons”'’’”. The process of expression of PD-L1 
in response to cytokines has been termed adaptive immune resistance®, 
and represents a mechanism by which cancer cells attempt to protect 
themselves from immune-cell-mediated killing. 

We sought to determine whether pre-existing tumour-associated CD8* 
T cells inhibited by PD-1/PD-L1 engagement represent key factors in 
determining clinical response to PD-1 blocking therapy. Our study cohort 
consisted of 46 patients with advanced melanoma treated with single- 
agent pembrolizumab between December 2011 and October 2013 at 
UCLA (Institutional Review Board (IRB) study number 11-003066). 
Patients underwent tumour biopsies before and during treatment. Baseline 


biopsy samples from 15 additional patients with advanced melanoma 
enrolled in the same pembrolizumab phase 1 clinical trial at Gustave 
Roussy in Villejuif, Paris, France (IRB study number 11-040) were ana- 
lysed as a validation cohort (Extended Data Table 1). 

We first examined the spatiotemporal dynamics of CD8™ T cells by 
performing qualitative and quantitative immunohistochemistry (IHC) 
analysis for CD8 expression before and during PD-1 blockade in two 
tumour compartments: the invasive tumour margin (stromal-tumour 
edge) and inside the tumour parenchyma (tumour centre)’*"*. $100 
expression was used to define the invasive margin and tumour centre 
(Extended Data Fig. 1a). Pre-treatment samples obtained from patients 
who experienced a tumour response (response group; Fig. 1a), showed 
higher CD8" -cell densities at the invasive margin when compared to sam- 
ples from patients who progressed during therapy (progression group; 
Fig. 1b). Extended Data Table 2 provides the anatomical location of all 
tumours serially sampled. Serially sampled tumours during treatment 
exhibited a parallel increase in CD8" -cell density at both the invasive 
margin and tumour centre in the response group (Spearman’s corre- 
lation r = 0.71, P< 0.001; Fig. 1c), but not in the progression group 
(Fig. 1d). Two patients experienced delayed responses (Fig. 1c, triangles) 
and showed step-wise accumulation of CD8 * cells, with initial increases 
restricted to the invasive margin, followed by mobilization into the tumour 
parenchyma (Extended Data Fig. 1b). 

Releasing the PD-1 immune checkpoint in pre-existing tumour-antigen- 
specific T cells should lead to T-cell proliferation, intratumoral infiltra- 
tion and increased effector function. We found a greater increase in 
CD8* density from baseline to post-dosing biopsy that significantly cor- 
related with a decrease in radiographic tumour size (Extended Data Fig. 2a; 
Spearman’s correlation r = —0.75, P = 0.0002). During treatment, we 
found an increase in cells that were double positive for CD8 and the nu- 
clear proliferation marker Ki67 in samples from patients with a tumour 
response. We observed all sub-phases of mitosis based on characteristic 
chromatin patterns (Fig. 2 and Extended Data Fig. 2b, c). The post-dosing 
increase in CD8/Ki67 double-positive cells was restricted to the tumour 
parenchyma. We found increased expression of granzyme B, a cytotoxic 
granule reflective of CD8 effector function, on CD8* cells in post-dosing 
biopsies in the response group (P < 0.0001; Extended Data Fig. 3a, b). 

The correlation between T-cell activation/effector function and treat- 
ment outcome upon release of the PD-1 immune checkpoint may be 
driven by the production of interferons by tumour-infiltrating CD8 cells 
that induce PD-L1 expression on tumour-resident cells'*”*. To test this 
hypothesis, we stained baseline and post-dosing biopsies for phospho- 
STAT1 (pSTAT1), which is an immediate downstream effector upon 
interferon-y binding to its receptor (Extended Data Fig. 3c, d). The 
response group was associated with significantly higher expression of 
pSTAT1 at the invasive margin, localized to the area of CD8 infiltrate, 
before (P = 0.002) and during treatment (P < 0.0001), when compared 
to biopsies from the progression group. In serially sampled tumours from 


1University of California Los Angeles (UCLA), Los Angeles, California 90095, USA. "Jonsson Comprehensive Cancer Center, Los Angeles, California 90095, USA. Merck & Co, Palo Alto, California 94304, 
USA.*Gustave Roussy and INSERM U981, Villejuif, Paris Sud, France. SAdaptive Biotechnologies, Seattle, Washington 98102, USA. ®Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA. 
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Figure 1 | Immunohistochemical analysis of CD8* T cells in samples 
obtained before and during pembrolizumab treatment. a, b, Examples of 
CD8 expression in melanoma tumours serially biopsied before PD-1 blocking 
treatment (Tx) and 20-60 days after treatment began (Days +20-60) from a 
patient in the response (a) and progression (b) groups. Red line separates 
tumour parenchyma (below line) and invasive margin (above line). 


the response group, pSTAT1 expression was also found to be significantly 
higher during treatment when compared to baseline (P = 0.007) (Ex- 
tended Data Fig. 3e). These findings prompted us to investigate the as- 
sociation between CD8* -, CD4*-, PD-1*- and PD-L1* -cell densities 
in baseline biopsies in regards to response to treatment (Fig. 3a). The re- 
sponse group was associated with significantly higher numbers of CD8™, 
PD-1* and PD-L1* cells at both the invasive margin and the tumour 
centre when compared to the progression group (CD8, P < 0.0001; PD-1, 
P= 0.0002; PD-L1, P = 0.006). However, CD4 expression at baseline was 
not found to correlate with treatment outcome. No relationship was found 
between previous treatment history with ipilimumab (anti-CTLA4) and 
CD8 expression or treatment outcome (Extended Data Table 3). 
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Figure 2 | Regressing tumours during treatment are associated with 
proliferating CD8* T cells that localize to the tumour. a, Representative 
example of CD8/Ki67 chromogenic double staining from a sample obtained 
during tumour regression shows double-positive T cells localized to the tumour 
parenchyma. The red line separates the invasive margin (above line) and 


Magnification, X20. ¢, d, CD8*-cell density at the tumour parenchyma and 
invasive margin in samples from all responders (c; n = 13) and progressors 
(d; n = 12) who received a biopsy before and during treatment. Filled circle 
indicates complete response; open circle indicates partial response; triangle 
indicates delayed response. 


We next determined the relative proximity of PD-1 and PD-L1 as 
evidence of a physical interaction between PD-1* and PD-L1* cells, a 
presumptive requisite for adaptive immune resistance. Figure 3b shows 
representative examples of chromogenic PD-1 and PD-L1 expression 
in serially cut tissue sections as well as multiplexed PD-1 * PD-L1 immu- 
nofluorescence in pre-treatment samples according to treatment outcome. 
Using quantitative multiplexed PD-1 X PD-L1 immunofluorescence, 
we found a significant correlation between proximity of PD-1 and PD- 
L1 and response to therapy (Fig. 3c; P = 0.005). 

We next investigated the relationship between CD8 and PD-L1 using 
a Spearman’s correlation analysis and found the two markers to corre- 
late in both the tumour (Spearman r = 0.598, P< 0.001) and the invasive 


Telophase 


tumour (below line). b, Top, representative single-positive quiescent 

CD8* brown cells (no Ki67 labelling) from the invasive margin. Bottom, 
representative double-positive cells (red, labelled Ki67 nucleus; brown, labelled 
CD8 membrane) with characteristic chromatin patterns associated with 
sub-phases of mitosis. Magnification, 40. 
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Figure 3 | Baseline density, location and proximity of CD8*t, PD-1*, 
PD-L1* and CD4* cells, and T-cell repertoire according to treatment 
outcome. a, Melanoma samples collected before treatment with PD-1 blocking 
therapy were assessed for CD8 (response n = 22, progression n = 24), PD-1 
(response n = 19, progression n = 21), PD-L1 (response n = 17, progression 
n = 21) and CD4 (response n = 19, progression n = 18) density by quantitative 
immunohistochemistry in the tumour compartment and at the invasive 
margin. **P < 0.01, ***P < 0.001, ****P < 0.0001. b, Examples of the relative 


margin (Spearman r = 0.527, P < 0.001). Furthermore, CD8 and PD-L1 
density co-varied with treatment outcome in both the tumour and inva- 
sive margin (P < 0.001 for both; Extended Data Fig. 4a, b). Immunofluo- 
rescence multiplexing for CD8 and PD-1 corroborated our chromogenic 
THC findings that CD8" T cells represented the primary cellular source 
of PD-1 expression (Extended Data Fig. 4c). Using chromogenic double 
staining for SOX10 and PD-L1, we found PD-L1 expression on melanoma 
cells and also on cells morphologically consistent with lymphocytes and 
macrophages in samples obtained during treatment from the response 
group (Extended Data Fig. 5a). Principal component analysis of samples 
obtained before treatment showed that CD8, PD-1 and PD-L1 expression 
in the tumour (P = 0.001) and at the invasive margin significantly corre- 
lated with treatment outcome (P < 0.0001; Extended Data Fig. 5b). 

The high density of CD8* cells at the site of the tumour in the response 
group is suggestive of a specific immune response to tumour antigens. 
Therefore, we hypothesized that a more restricted TCR sequence usage 
would reflect a tumour-antigen-specific T-cell accumulation at the tumour 
site. Using genomic DNA isolated from pre-treatment samples, we per- 
formed next-generation sequencing to capture all uniquely rearranged, 
variable TCR B-chain regions'*'”. We found that a more restricted TCR 
B-chain usage, reflecting a T-cell population that was less diverse in rep- 
ertoire and more clonal in nature, significantly correlated with clinical 
response to pembrolizumab treatment (P = 0.004; Fig. 3d). The clonality 
read-out was not found to highly correlate with tumour-infiltrating lym- 
phocyte density (R” = 0.04; Extended Data Fig. 6a). However, biopsies 
from patients with a tumour response showed evidence of an enriched 
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proximity of PD-1- and PD-L1-expressing cells in representative baseline 
samples from a responder and a progressor. c, Proximity analysis of PD-1 and 
PD-L1 based on multiplex quantitative immunofluorescence in baseline 
tumour samples (response n = 11, progression n = 11). **P = 0.005. d, Results 
of TCR sequencing performed on 25 whole tumour samples taken at baseline 
(response n = 12, progression n = 11). Triangles indicate delayed response. 
** PD = (004. Error bars denote the s.d.; horizontal lines denote the mean. 


population of T cells with unique specificities. In addition, comparison 
of the TCR clonality at baseline and post-dosing biopsies showed that 
in samples from the response group, more than ten times as many clones 
expanded after anti-PD-1 therapy than in the progression group (Ex- 
tended Data Fig. 6b, c). 

To create the best discriminatory model to assess the probability of 
clinical response to PD-1 blocking therapies, forward stepwise logistic 
regression was run on CD8*-, CD4*-, PD-1*- and PD-L1*-cell 
densities within the tumour and the invasive margin. Results of the step- 
wise procedure, anda logistic regression model, consistently selected the 
invasive margin CD8™ densityas the best full predictive parameter (Ex- 
tended Data Table 4a). The next best predictors were tumour CD8* 
T-cell density, tumour and invasive margin PD-1* density, and tumour 
and invasive margin PD-L1~ density. Tumour and invasive margin CD4* 
density were the poorest predictors. 

To test this predictive model, we obtained pre-treatment biopsies from 
15 patients treated at Gustave Roussy and were blinded to treatment 
outcome. We quantified CD8* T-cell density in the invasive margin and 
used our logistic model to calculate a predicted probability of response 
for each patient in the validation cohort (Extended Data Table 4b). Out 
of the 15 patients, we accurately predicted 4 out of 5 patients in the true 
progression group and 9 out of 9 patients in the true response group. 
There was one false-positive prediction and one patient predicted to 
respond who remains in stable disease. 

Our studies build upon the evidence that response rates to PD-1 or 
PD-L1 blocking antibodies are higher in patients whose tumours express 
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PD-LI (refs 1, 15). Since PD-L1 can be either constitutively expressed 
or induced upon T-cell recognition and production of interferons”, 
we hypothesized that response to PD-1 blockade would more tightly co- 
variate with the inducible PD-L1 expression in the presence of antigen- 
specific T cells’, termed adaptive immune resistance®. Indeed, we found 
PD-1-positive T cells interfacing with PD-L1-expressing cells within 
tumours in pre-treatment samples from responders. The clinical rele- 
vance of the relative distribution of PD-L1 expression on cancer cells, 
myeloid-derived cells and activated T cells in tumours, in terms of treat- 
ment outcome, remains to be elucidated. Our data suggest that PD-L1 
may serve as an indirect marker of adaptive immune resistance in response 
to tumour-antigen-specific T-cell infiltration rather than asa static con- 
stitutive biomarker. Hence, inducing a type-I interferon inflammatory 
response in combination with PD-L1 blockade merits further clinical 
investigation". 

T-cell infiltrates have been found to have predictive value with respect 
to the natural history of primary cancers'*'*’*. We build on this and 
report that the baseline density and location of T cells in metastatic 
melanomas have predictive value in the treatment outcome of patients 
receiving therapies that block the PD-1/PD-L]1 axis. Releasing the PD-1 
immune checkpoint results in clinically relevant anti-tumour activity 
when there is a greater density of pre-existing tumour-antigen-restricted 
CD8* T cells that are negatively regulated by PD-1/PD-L1 interactions. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Human tumours typically harbour a remarkable number of somatic 
mutations’. If presented on major histocompatibility complex class 
I molecules (MHC), peptides containing these mutations could po- 
tentially be immunogenic as they should be recognized as ‘non-self” 
neo-antigens by the adaptive immune system. Recent work has con- 
firmed that mutant peptides can serve as T-cell epitopes’. However, 
few mutant epitopes have been described because their discovery 
required the laborious screening of patient tumour-infiltrating lym- 
phocytes for their ability to recognize antigen libraries constructed 
following tumour exome sequencing. We sought to simplify the dis- 
covery of immunogenic mutant peptides by characterizing their gen- 
eral properties. We developed an approach that combines whole-exome 
and transcriptome sequencing analysis with mass spectrometry to 
identify neo-epitopes in two widely used murine tumour models. Of 
the >1,300 amino acid changes identified, ~13% were predicted to 
bind MHCI, a small fraction of which were confirmed by mass spec- 
trometry. The peptides were then structurally modelled bound to MHCI. 
Mutations that were solvent-exposed and therefore accessible to T-cell 
antigen receptors were predicted to be immunogenic. Vaccination of 
mice confirmed the approach, with each predicted immunogenic pep- 
tide yielding therapeutically active T-cell responses. The predictions 
also enabled the generation of peptide-MHCI dextramers that could 
be used to monitor the kinetics and distribution of the anti-tumour 
T-cell response before and after vaccination. These findings indicate 
that a suitable prediction algorithm may provide an approach for the 
pharmacodynamic monitoring of T-cell responses as well as for the 
development of personalized vaccines in cancer patients. 

Although CD8 T cells can recognize tumour cells and mediate tumour 
regression following immunotherapy”, the antigens driving effective 
anti-tumour CD8 T-cell responses remain largely unknown. Tumour 
antigens can be classified into two categories: tumour-associated self- 
antigens (for example, cancer-testis antigens, differentiation antigens) 
and antigens derived from tumour-specific mutant proteins. Since the 
presentation of self-antigens in the thymus may result in the elimination 
of high-avidity T cells, mutant neo-antigens seem likely to be more im- 
munogenic. However, identifying these antigens has proved problem- 
atic, having evaded identification by mass spectrometry, which typically 
relies on sequence elucidation using public proteomic databases that do 
not contain patient-specific mutations. Conversely, relying on transcript- 
omic or exome-sequence analysis for mutation identification followed by 
MHC binding prediction algorithms typically yields too many candi- 
date mutant peptides to be easily evaluated. The strength of our approach 
lies in combining these two powerful and well-established analytical tools 
to identify tumour-associated mutated peptides that are presented on 
MHCI (Fig. 1a). 

We performed whole-exome sequencing on MC-38 and TRAMP-C1 
mouse tumour cell lines to identify tumour-specific point mutations. 
Coding variants were called relative to the reference mouse genome to 


identify 4,285 and 949 non-synonymous variants in MC-38 and TRAMP- 
Cl, respectively (Fig. 1b). To select for high-confidence mutations and 
focus on the mutations likely to be expressed in the majority of the tu- 
mour cells, we subsequently selected RNA-seq-based variants that were 
present at a minimum of 20% allelic frequency and overlapped with the 
exome-based variants. This resulted in 1,290 and 67 expressed mutations 
in MC-38 and TRAMP-C1, respectively. Next we identified 170 predicted 
neo-epitopes in MC-38 and 6 predicted neo-epitopes in TRAMP-C1 
using the NETMHC-3.4 algorithm” (Fig. 1b, Supplementary Tables 1 
and 2). Despite high density exome reads, only a small number of non- 
synonymous variants and predicted neo-epitopes in TRAMP-C1 were 
identified. This low mutational frequency may at least partially explain 
the low immunogenicity of TRAMP-CI1 observed in vivo (that is, pau- 
city of tumour-infiltrating lymphocytes (TILs)), compared to MC-38 
tumours (Extended Data Fig. 1a). 

Next, we conducted mass spectrometric analysis for MHCI-presented 
peptides and searched against the transcriptome-generated FASTA data- 
base (Fig. 1a). This revealed 2,332 unique H-2K° epitopes and 3,907 
unique H-2D° epitopes presented in MC-38, and 1,651 unique H-2K? 
epitopes and 1,980 unique H-2D” epitopes presented in TRAMP-CI cells 
(Supplementary Table 3). The reduced number of epitopes identified for 
TRAMP-C1 compared to MC-38 probably reflects weaker MHCI sur- 
face expression on TRAMP-Cl cells’? (Extended Data Fig. 1b). Overall 
we observed that peptides derived from abundant transcripts are more 
likely to be presented by MHCI (Fig. 1c, Supplementary Tables 3 and 4), 
as observed by others'*™*. 

Of the 1,290 and 67 amino acid changes in MC-38 and TRAMP-Cl1, 
respectively, only 7 (7 in MC-38 and 0 in TRAMP-C1) were found to be 
presented on MHCI by mass spectrometry (Table 1) after manual val- 
idation and comparison with a synthetically generated version of the 
peptide for spectral accuracy (Extended Data Fig. 2). All but one of these 
neo-epitopes were predicted to bind MHCI (half-maximum inhibitory 
concentration (ICs9) < 500 nM, Table 1). Both wild-type and mutant 
transcripts corresponding to the peptides were expressed by MC-38 
cells (Supplementary Table 5 and Extended Data Fig. 3) and although 
most of the exact counterpart wild-type peptides were also predicted to 
bind MHCTI, only three were detected by mass spectrometry (Extended 
Data Fig. 4). The mutations were not coded in the germline as the 
sequence for all 7 genes was confirmed as wild type at the position of 
interest in the genome of a C57BL/6 mouse. These proteins have no known 
role in oncogenesis except Med12, which is frequently mutated in pro- 
state cancer and in smooth muscle tumours’*"*. 

The small number of mutated peptides identified by mass spectro- 
metry compared to the number of peptides predicted to be presented 
may be attributed in part to the sensitivity of the peptide purification and 
mass spectrometric approach, but also suggests that a limiting factor to 
presentation could be the peptide generation and transport into the 
endoplasmic reticulum”. On the other hand, mass spectrometry allows 


1Genentech, South San Francisco, California 94080, USA. *Immatics Biotechnologies GmbH, 72076 Tubingen, Germany. 
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Figure 1 | Identification of MHCI-presented tumour-specific mutations in 
MC-38 and TRAMP-C1 tumour cell lines. a, Schematic of the approach for 
identifying mutated MHCI-presented peptides using sequencing in 
combination with mass spectrometry. After immunoprecipitation peptides 
were analysed using tandem mass spectrometry and were searched against a 
customized FASTA database based on RNA-seq. Immunogenicity of 
mutated peptides was further predicted in silico and validated using in vivo 
immunogenicity studies. b, Flowcharts for the number of genomic variations or 
variant peptides identified at each stage of analysis, and finally the number of 
peptides validated as immunogenic. c, RNA-seq expression profiles of genes 
corresponding to MHCI-presented peptides. The x axis represents expression 
levels (categorized into five reads per kilobase per million reads mapped 
(RPKM) intervals). The numbers of genes for each RPKM category that 
manifest MHCI-presented peptide(s) are shown (MHC+), as well as the rest 
of the genes (MHC—). The numbers of mutated MHCI-presented peptides 
identified by mass spectrometry in each RPKM interval are indicated 

above the bars. 
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a stringent filter to be incorporated into the workflow by selecting for 
peptides with sufficient expression and presentation by MHCL, there- 
fore ensuring only the peptides most likely to yield an immunological 
response are further investigated. 

We next asked if immunogenicity of the identified neo-epitopes could 
be predicted. Although there is a correlation between peptide binding 
affinity for MHCI and immunogenicity, other factors also contribute™*. 
For example, interaction of the mutated amino acid with the T-cell an- 
tigen receptor (TCR) is likely to be essential for the recognition of the 
mutated peptide as ‘foreign’. This is especially true when the counter- 
part wild-type peptide is also presented on MHCL. Five out of the seven 
neo-epitopes exhibited high binding affinity prediction (Table 1, ICs < 
50 nM). The other neo-epitopes exhibited lower binding affinity pre- 
diction, suggesting that they might be less immunogenic. We next used 
published crystal structures of H-2D° and H-2K” and a Rosetta-based 
algorithm’’ to model each of the mutant peptides in complex with MHCI 
and analyse the potential for the mutant residue in each neo-epitope to 
interact with the TCR. In general, TCR recognition of displayed pep- 
tides is mediated by interactions with peptide residues 3 through 7 (ref. 20). 
Among the peptides with high binding scores only in the Reps1 and 
Adpgk peptides did the mutation lie within this range. Structure mod- 
elling also predicted that the mutated residues were oriented towards 
the solvent interface, and were thus judged to have good potential to be 
immunogenic (Table 1 and Fig. 2)’°. On the other hand, the mutations 
in the Irgq, Aatfand Dpagt1 neo-epitopes were found near the carboxy- 
terminal end of the peptide, which probably falls outside of the TCR 
binding region and suggests that these neo-epitopes were unlikely to 
be immunogenic despite the increase in predicted binding affinity to 
MHCI in comparison to the counterpart wild-type peptide (Table 1 
and Fig. 2). 

We next evaluated the immunogenicity of mutated tumour antigens 
in vivo by immunizing C57BL/6 mice with peptides encoding the mu- 
tated epitopes in combination with adjuvant and measured CD8 T-cell 
responses using peptide-MHCI dextramers. Three out of six peptides 
elicited CD8 T-cell responses (Fig. 3a). We had predicted Reps1 and Adpgk 
to be immunogenic on the basis of structure and binding affinity pre- 
diction, and both elicited strong CD8 T-cell responses. Of the four pep- 
tides predicted to be non-immunogenic, only Dpagt1 induced a weak 
CD8 T-cell response. The exact counterpart wild-type peptides of Reps1 
and Adpgk were not immunogenic (Extended Data Fig. 5a-d). 

We confirmed the immunogenicity of these mutated peptides in the 
context of the MC-38 tumours grown in C57BL/6 mice by analysing 
TILs and staining with peptide-MHCI dextramers. We found that CD8 
T cells specific for Reps1, Adpgk and Dpagt1 were enriched in the tu- 
mour bed (Fig. 3b) but not T cells specific for the other mutant peptides 
(data not shown). Although there was heterogeneity, Adpgk-specific 
CD8 T cells were the most abundant of the three, and this was specific 
to MC-38 tumours as no Adpgk-specific CD8 T cells were detected in 
TRAMP-CI1 tumours (Extended Data Fig. 5e). These results show that 
CD8 T-cell responses are generated against neo-epitopes in MC-38 tu- 
mours and further supports our hypothesis that structural correlation 
predicting solvent exposure of the mutation combined with MHCI- 
binding affinity may provide suitable criteria for triaging potential 


Table 1 | Summary of mutant peptides presented by MHCI in the MC-38 cell line 


Gene Peptide MHC allele ICs (mut) IC50 (WT) Mutation position Immunogenicity prediction 
Dpagt1 SIIVENL[V/L] H-2k° 8 34 Anchor (P8) 7 

Reps1 AQL[P/A]NDVVL H-2pD° 9 100 Solvent (P4) + 

Adpgk ASMTN[R/M]JELM H-2D° 2 3 Solvent (P6) + 

Cpne1 SSP[D/Y]SLHYL H-2D° 211 685 Solvent (P4) 7 

Ireq AALLNSA[G/V]L H-2D° 3 52 Solvent (P8) = 

Aatf MAPIDHT[A/T]M H-2D? 30 102 Solvent (P8) 2 

Med12 DPSSSVLFE[D/Y] H-2K 38,300 39,411 No structure - 

The ICs values (IC59 predicted by NetMHC-3.4 in nM units) are shown. Peptides with C59 < 500 nM are predicted to bind MHCI. The mutant amino acid’s position is described (whether it was anchored to a MHC 
molecule or solvent-exposed), based on homology to known MHC-peptide complex structures. The immunogenicity prediction is simply based on ICs0 < 50 nM for the peptide, and position (P3-7: which are likely 
to interact with TCR) and solvent exposure of the mutation. Mutation is indicated in bold next to the wild-type amino acid in the bracket in the peptide sequences. 
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Protein Reps1 Adpgk Dpagt1 

MHC haplotype H-2D> H-2D° H-2K 
Mutant AQLANDVVL ASMINVELM S11 VFNLL 
Wild type AQLPNDVWVL ASMINRELM SI1 VFNLV 
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Figure 2 | Modelling of mutant peptide-MHCI complexes. Mutant peptides 
were modelled into peptide-MHCI structures using existing crystal 
structures from the Protein Data Bank as starting models and optimizing 

the conformation of the bound mutant peptide using the program 
FlexPepDock!®. H-2D° and H-2K° MHC haplotypes are shown in green. 
Modelled peptides are shown in magenta as stick models, with the mutated 
residue highlighted in yellow. 


immunogenic peptides. Further analysis of a larger peptide data set will 
give a better indication of the statistical utility of this method. 

Bulk TILs are usually analysed to monitor frequency and the pheno- 
type of anti-tumour CD8 T-cell responses, which may not provide a true 
assessment because only a fraction of CD8 TILs are tumour-specific®. 
Using peptide~-MHCI dextramers for the three immunogenic peptides, 
we were able to compare the anti-tumour TILs with the bulk TILs in 
MC-38 tumours. Although the frequency of tumour-specific CD8 T cells 
infiltrating tumours appear to increase initially, we could not discern a 
clear correlation between infiltration and tumour growth (Extended Data 
Fig. 6). Interestingly, a vast majority (76.9 + 7.1% s.e.m.) of tumour- 
specific CD8 TILs, detected using Adpgk-H-2D? dextramer, co-expressed 
PD-1 and TIM-3, compared to bulk CD8 TILs (52.6 + 3.6%) (Fig. 3c). 
PD-1 and TIM-3 are inhibitory receptors expressed upon T cell activa- 
tion and their coexpression on CD8 T cells is associated with chronic 
antigen stimulation leading to T cell exhaustion’ **. We also observed 
a population of CD8 TILs (Adpgk-H-2D° dextramer-negative) that ex- 
pressed PD-1 and TIM-3. This could be due to the effect of the tumour 
microenvironment on CD8 T cells irrespective of their specificity**~*. 
However, the expression of PD-1 on bulk CD8 TILs was lower than 
tumour Adpgk-specific CD8 T cells (PD-1 MFI (median fluorescence 
intensity), Fig. 3c). These results highlight the differential phenotypic 
characteristics of tumour-reactive cells in the tumour microenvironment 
and suggest that tumour-specific CD8 T cells exhibit a more exhausted 
state, in line with recent observations in human tumours’. 

To determine if CD8 T cells induced against neo-epitopes could pro- 
vide protective anti-tumour immunity, healthy mice were immunized 
with the mutated peptides (Adpgk, Reps1 and Dpagt1) and subsequently 
challenged with MC-38 tumour cells (Fig. 4a). Tumour growth was com- 
pletely inhibited in most of the animals in the vaccine group compared to 
adjuvant alone (Fig. 4b). Two of the animals that had substantial tumour 
growth in the vaccine group also had the lowest frequency of Adpgk- 
reactive CD8 T cells in blood before tumour inoculation (Fig. 4c and 
Extended Data Fig. 7), strongly supporting that CD8 T-cell responses 
specific to mutated peptides conferred protection. 

Next, we asked if the neo-epitope-specific CD8 T-cell responses could 
be further amplified in tumour-bearing mice upon immunization (Fig. 4d). 


574 | NATURE | VOL 515 | 27 NOVEMBER 2014 


a b Adpgk Reps1 Dpagt1 
108. 
10 
oe Spleen | o:| 0-18 0.09 0.15 
26 108 q 
8 ° O Adj+Pep cs 
= 51° V Adi 1 
8 ° Tumour 2 10° 
5 4/0 B 1.33 0.52 0.48 
. zB” 5 
e 319. OL 4 E : 
© (re) 0107 10° 10* 10° 010% 105 10* 10° 010 10° 10% 10° 
= es 
EB 2 6 r cps 
2 2.5, *, as 
£4 ice) 
8 0° = 7 % ° O Tumour 
5 oS ESS ee Eo 20 7 V Spleen 
So 
Repst Aatf Adpgk Irgq Cpne1 Dpagt1 te 15 
Prediction + - + - - - a) 
<0 
oO 1.0 
On 
5 o 
a 0.5. 
c Total CD8 Adpgk* CD8 30 
10°41.54 0.114] 40 8.82 


0.0 
20 Adpgk Dpagt1 


Per cent 
PD-1* TIM-3* 


Total Adpgk* 


10 
Spleen 
yr 3) 12.9 79.7! +400 is 8,000. we 
. . L ira 
; Ss 6,000. 
Tumour = 4,000. 
uf : 7 4 
2 \ 
- - E 


a 
a 2,000 


102 
0. 


71.45 


0 0 
Total Adpgk* Total Adpgk* 


CD8 T cells 


Figure 3 | Immunogenicity of mutated peptides in vivo. a, C57BL/6 mice 
were immunized with adjuvant (anti-CD40 antibody plus poly(I:C)) alone 
(Adj) or in combination with a mix of all long mutated peptides from Table 1 
(50 pg each) (Adj+Pep). Med12 peptide was not included because it was not 
predicted to bind to MHCI. After two immunizations on day 0 and day 14, 
spleens were collected at day 21 and CD8 T cells were stained with different 
phycoerythrin (PE)-labelled peptide-MHCI dextramers (indicated on x axis) 
and analysed by flow cytometry. The adjuvant alone (Adj) group is used as 
the reference for immunogenicity. Each dot represents individual mouse with 
bar representing mean. Pooled data from two independent experiments are 
shown with n = 6 (Adj) or n= 9 (Adj+Pep) mice per group. b, Frequency of 
Adpgk, Reps1 or Dpagtl-MHCI-specific CD8 T cells among total CD8 T cells 
in MC-38 tumour-bearing mice (tumour size ~500 mm*). The graph on 

the bottom represents pooled tumour data from ten individual mice. The bars 
represent mean, **P =< 0.01 (two-tailed unpaired t-test). c, PD-1 and TIM-3 
surface expression was measured on Adpgk-H-2D° dextramer™ or total CD8 T 
cells from panel b. A representative staining from spleen (top) and tumour 
(bottom) is shown with the graph on right showing pooled data from five mice. 
For tumours, PD-1 median intensity of fluorescence (MFI) (gated on PD-1* 
cells) in the indicated population is also shown. *P = 0.05, **P = 0.01 
(two-tailed paired t-test). 


After a single immunization, the frequency of Adpgk-reactive CD8 T 
cells increased remarkably in the spleen of tumour-bearing mice com- 
pared to immunized non-tumour-bearing animals (Fig. 4e). Interestingly, 
we did not observe a similar enhancement of the CD8 T-cell response 
against Reps1 and Dpagt1 (Extended Data Fig. 8), suggesting that Adpgk 
is the immuno-dominant neo-epitope in tumour-bearing mice. We also 
observed a nearly threefold increase in accumulation of Adpgk-reactive 
CD8 T cells among total CD8 TILs in the tumours (Fig. 4e). Peptide 
vaccination also increased overall infiltration of CD45* cells and CD8* 
T cells in tumours, which resulted into nearly 20-fold increase in the 
frequency of neo-epitope-specific CD8 T cells among the total live cells 
in the tumour (Fig. 4f and Extended Data Fig. 9a). 

We next analysed the phenotype of peptide-specific CD8 T cells in- 
duced by peptide vaccination. We found that the frequency of PD-1 and 
TIM-3 expressing Adpgk-specific CD8 TILs was reduced after vaccina- 
tion, and the surface expression of PD-1 and TIM-3 on these cells was 
also reduced (Fig. 4g, h). This might be an adjuvant effect as it was also 
seen in the adjuvant alone group. These results suggest that tumour- 
specific T cells exhibit a less exhausted phenotype after vaccination, and 
this was further confirmed by the higher percentage of IFN-y-expressing 
CD8 and CD4 TILs in the tumours from vaccinated mice (Fig. 4i and 
Extended Data Fig. 9b). 
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Figure 4 | Vaccination with immunogenic 
peptides provides protection and delays tumour 
growth. a—c, C57BL/6 mice were immunized with 
mutated peptides (Adpgk, Reps1 and Dpagtl, 

50 pg each) and anti-CD40 antibody plus poly(I:C) 
as adjuvant (Adj+Pep) or adjuvant alone (Adj) 
followed by inoculation with MC-38 tumour cells 
as outlined in a. b, Tumour growth for Adj (n = 14) 
or Adj+Pep (n = 15) groups. Two mice in the 
Adj+Pep group that showed tumour growth are 
shown in red. c, Frequency of CD8 T cells in blood 
(at day —1) stained with Adpgk-H-2D dextramer 
and analysed by flow cytometry. The red dots in 
the graph correspond to the mice that developed 
tumours in the Adj+Pep group (in b). Pooled data 
from two independent experiments are shown. 
d-j, C57BL/6 mice were inoculated with MC-38 
tumour cells, and 10 days later immunized with 
mutated peptides (Adpgk, Reps1 and Dpagtl, 

50 ug each) with adjuvant (Adj+Pep), adjuvant 
alone (Adj) or left untreated (control) as outlined 
in d. e, Seven days post immunization, spleen or 
tumour cells were stained with PE-labelled 
peptide-MHCI dextramers for the indicated 
peptide (for tumours) or with Adpgk-H-2D° 
dextramer (for spleen) and analysed by flow 
cytometry. For comparison, non-tumour-bearing 
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Finally, even in this more difficult therapeutic setting, tumour-bearing 
mice vaccinated with mutated peptides showed remarkable and sus- 
tainable inhibition of tumour growth compared to untreated control or 
adjuvant alone groups (Fig. 4j). Thus, simple peptide vaccination with 
the predicted neo-epitopes generated sufficient T-cell immunity to reject 
a previously established tumour. 

The identification of epitopes that drive the immune response in can- 
cer is essential to the understanding and manipulation of CD8 T-cell 
immune responses for clinical benefit. Recent studies in mice and humans 
have suggested that tumour-specific mutations probably have a key role 
in shaping the anti-tumour response; however, their identification has 
remained a challenge” ’. We developed a novel strategy to identify neo- 
epitopes by combining whole-exome/transcriptome sequencing and mass 
spectrometry analysis, along with a structural prediction algorithm to 
predict MHCI peptide immunogenicity. This will not only facilitate 
generation of novel vaccines but also make it feasible to track tumour- 
specific T cells, which could be invaluable for prognosis of cancer patients 
in this era of cancer immunotherapy. 

To be fully useful in the clinic, it will probably be necessary to simplify 
the approach further, so as to rely entirely on computational predictions 
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mice were also immunized with adjuvant alone 
(Adj) or adjuvant with peptides (Adj+Pep) and 
splenic CD8 T cells were stained with PE-labelled 
Adpgk-H-2D° dextramer at day 7. f, CD45* 

or CD8" T cells in tumours shown as percentage 
of total live cell gate. g, h, Frequency of TIM-3* PD- 
1* cells and mean intensity of fluorescence 
(MEI) of PD-1 (on PD-1*) and TIM-3 (on 
PD-1*TIM-3*) among Adpgk-H-2D° 
dextramer’ CD8 TILs measured by flow 
cytometry. i, TILs or splenocytes were stimulated 
with PMA and ionomycin and IFN-y production 
in CD8 T cells was determined by intracellular 
cytokine staining and analysis by flow cytometry. 
j, Tumour growth in control, Adj or Adj+Pep 
groups (1 = 10 each group). e-j, Data are 
representative of two independent experiments. 
The bars represent mean. *P < 0.05 (two-tailed 
unpaired t-test). 
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of peptide binding rather than mass spectrometry. A purely computa- 
tional approach, including a MHCI-haplotype-specific structural pre- 
diction, would require only whole-exome/transcriptome sequencing of 
a patient’s tumour, which is beginning to be routinely determined. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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The immune system influences the fate of developing cancers by 
not only functioning as a tumour promoter that facilitates cellular 
transformation, promotes tumour growth and sculpts tumour cell 
immunogenicity’, but also as an extrinsic tumour suppressor that 
either destroys developing tumours or restrains their expansion’”’. 
Yet, clinically apparent cancers still arise in immunocompetent indivi- 
duals in part as a consequence of cancer-induced immunosuppression. 
In many individuals, immunosuppression is mediated by cytotoxic 
T-lymphocyte associated antigen-4 (CTLA-4) and programmed death-1 
(PD-1), two immunomodulatory receptors expressed on T cells*? 
Monoclonal-antibody-based therapies targeting CTLA-4 and/or PD-1 
(checkpoint blockade) have yielded significant clinical benefits— 
including durable responses—to patients with different malignan- 
cies”. However, little is known about the identity of the tumour 
antigens that function as the targets of T cells activated by check- 
point blockade immunotherapy and whether these antigens can be 
used to generate vaccines that are highly tumour-specific. Here we 
use genomics and bioinformatics approaches to identify tumour- 
specific mutant proteins as a major class of T-cell rejection antigens 
following anti-PD-1 and/or anti-CTLA-4 therapy of mice bearing pro- 
gressively growing sarcomas, and we show that therapeutic synthetic 
long-peptide vaccines incorporating these mutant epitopes induce 
tumour rejection comparably to checkpoint blockade immunother- 
apy. Although mutant tumour-antigen-specific T cells are present in 
progressively growing tumours, they are reactivated following treat- 
ment with anti-PD-1 and/or anti-CTLA-4 and display some overlap- 
ping but mostly treatment-specific transcriptional profiles, rendering 
them capable of mediating tumour rejection. These results reveal that 
tumour-specific mutant antigens are not only important targets of 
checkpoint blockade therapy, but they can also be used to develop 
personalized cancer-specific vaccines and to probe the mechanistic 
underpinnings of different checkpoint blockade treatments. 

In this study, we used two distinct progressor 3-methylcholanthrene- 
induced (MCA) sarcoma cell lines (d42m1-T3 and F244) and asked 
whether they expressed sufficient immunogenicity to be controlled by 
checkpoint blockade immunotherapy. Both sarcoma lines were rejected 
in wild-type mice treated therapeutically with anti-PD-1 and/or anti- 
CTLA-4 (Fig. 1a). Rejection was immunologic because (1) it was ablated 
by administration of monoclonal antibodies (mAbs) that either deplete 
CD4* or CD8* cells or neutralize interferon-y (IFN-y); (2) it did not 


occur in Rag2~/~ mice lacking T, B and natural killer T (NKT) cells or 
Batf3‘~ mice lacking CD8x*CD103* dendritic cells required for tumour 
antigen cross-presentation to CD8* T cells (Extended Data Fig. 1a); and 
(3) it induced a memory response that protected mice against rechal- 
lenge with the same tumour cells that had been injected into naive mice 
(Extended Data Fig. 1b, c). 

On the basis of our previous success using genomics approaches to 
identify tumour-specific mutant antigens (TSMA) responsible for the spon- 
taneous rejection of highly immunogenic, unedited MCA sarcomas", 
we asked whether a similar approach could identify antigens responsi- 
ble for anti- PD-1-mediated rejection of d42m1-T3 progressor tumours. 
To increase the robustness and accuracy of our epitope predictions, we 
modified our method as follows: (1) mutation calls from complementary 
DNA capture sequencing” were translated to corresponding protein 
sequences, pipelined through three major histocompatibility complex 
(MHC) class I epitope-binding algorithms and a median binding affin- 
ity was calculated for each predicted epitope; (2) epitopes were priori- 
tized on the basis of predicted median binding affinities; and (3) filters 
were applied to the prioritized epitope list to eliminate those predicted 
to be poorly processed by the immunoproteasome and to deprioritize 
those from hypothetical proteins or those that displayed lower binding 
affinity to class I than their corresponding wild-type sequences. Using 
this approach, many epitopes were predicted for H-2D° (49,677 9-mer 
and 10-mer epitopes) (Extended Data Fig. 2a) and H- 2K? (44,215 8-mer 
and 9-mer epitopes) (Fig. 1b) based on the 2,796 non-synonymous mu- 
tations expressed in d42m1-T3™*. Focusing 0 on epitopes with the highest 
predicted binding affinity to H-2D” or H-2K”, we narrowed the list down 
to four H-2D>-binding epitopes (Extended Data Fig. 2b) and 62 H-2K?- 
binding epitopes (Fig. 1c). Applying the aforementioned filters elimi- 
nated two predicted strong-binding H-2D> a (Extended Data 
Fig. 2c) and 20 predicted strong-binding H-2K’ epitopes (Fig. 1d) (epi- 
tope binding affinity distributions to different class I alleles are distict’*). 
Based on the resulting i in-silico-generated epitope landscape, two pre- 
dominant H-2K° restricted mutant epitopes were identified by their 
predicted binding affinities: an AS06T mutation ITYAWTRL-ITYIW 
TRL) in asparagine-linked glycosylation 8 (alpha-1,3-glucosyltransferase) 
(Alg8) and a G1254V mutation (SGENER TLV GENERIL)3 in lami- 
nin alpha subunit 4 (Lama4). Based on H- 2K? consensus binding, the 
mutations that produce these epitopes occur at positions p4 (Alg8) andp1 
(Lama4). Neither functions as an anchor residue for H-2K° (these occur 
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Figure 1 | Mutations in Lama4 and Alg8 form 
top predicted d42m1-T3 epitopes. a, Growth 
of d42m1-T3 or F244 tumours in five-mouse 
cohorts treated with anti-PD-1 (closed circles), 
anti-CTLA-4 (open circles), anti-PD-1+ anti- 
CTLA-4 (open triangle) or control mAb (closed 
triangle). b, Potential H-2K” binding epitopes 
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at p5 and p8). The mutant Alg8 (mAlg8) and mutant Lama4 (mLama4) 
epitopes are predicted to bind 1.2- and 12.8-fold stronger to H-2K°, 
respectively, compared to wild-type sequences. 

To identify which of the predicted d42m1-T3 neoepitopes functioned 
as targets for CD8* T cells in anti-PD-1-treated, tumour-bearing mice, 
freshly explanted CD8* tumour-infiltrating lymphocytes (TIL) were iso- 
lated just before tumour rejection (day 11) and stained with fluorescently 
labelled H-2K° or H-2D° tetramers loaded with their corresponding 
strong-binding 66 predicted mutant epitopes. The only tetramer-positive 
T cells consistently identified in the CD8* TIL population were those 
reacting with mLama4-H-2K’ tetramers (13.1% of CD8* TIL in exper- 
iment shown; 15.6 + 2.7% as the mean of 6 experiments) or mAlg8-H- 
2K? tetramers (4.2% of CbDs* TILin experiment shown; 2.8 + 1.1% as 
the mean of 6 experiments) (Fig. le and Extended Data Fig. 2d). Similar 
results were obtained when freshly explanted CD8* TIL from the same 
mice were co-cultured with naive irradiated splenocytes pulsed with 
each of the 66 predicted H-2K” and H-2D? epitopes. The mLama4 and 
mAlg8 epitopes were, again, the only significant hits, inducing IFN-y 
and tumour necrosis factor-« (TNF-a) production (Fig. 1f and Ex- 
tended Data Fig. 2e). These results demonstrate that d42m1-T3 expresses 
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two dominant TSMA epitopes for CD8* T cells following anti-PD-1 
immunotherapy. 

To independently validate these observations, we established CD8* 
T cell lines from spleens of mice that had rejected d42m1-T3 tumours 
after anti-PD-1 treatment. These T cells produced IFN-y when co- 
cultured with d42m1-T3 but not when co-cultured with F244 or other 
independent sarcoma lines (Extended Data Fig. 3a). Stimulation was 
restricted by H-2K” but not by H-2D°. The only predicted epitopes that 
stimulated these T cell lines were mLama4 and mAlg8 (Extended Data 
Fig. 3b), but not their wild-type forms (Extended Data Fig. 4a). 

Four subsequent findings supported the conclusion that mLama4 and 
mAlg8 were the relevant antigens responsible for anti-PD-1-induced 
rejection of d42m1-T3. First, mLama4 or mAlg8 epitopes stabilized 
H-2K? expression on RMA-S cells, which lack a functional antigen trans- 
porter and thus fail to stably express MHC class I proteins on the cell 
surface (Extended Data Fig. 4b). Second, both epitopes were detected 
by mass spectrometry in eluates of affinity-purified H-2K’ isolated from 
d42m1-T3 tumours. Using a discovery mass spectrometry approach, 
we identified mLama4 in the H-2K° eluate (Extended Data Fig. 5a) and 
verified its identity using an isotope-labelled synthetic mLama4 peptide 
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Figure 2 | Mutant Lama4 and mAlg8 are therapeutically relevant d42m1-T3 
TSMA. a, Detection of mLama4 and mAlg8 bound to cellular H-2K° by 
mass spectrometry. Rt, retention time. b, Top, time-dependent tumour 
infiltration of mLama4- and mAlg8-specific CD8* T cells (n = 5). Data 
represent means ~ s.e.m. of 5 independent experiments. Bottom, growth 
kinetics of d42m1-T3 and F244 during anti-PD-1 immunotherapy (n = 5). 
Data represent average tumour diameter + s.e.m. and are representative of at 
least three independent experiments. c, IFN-y ELISPOT analysis of peptide- 
stimulated splenocytes from mice immunized with mLama4 or mAlg8 SLP plus 
poly(I:C) (n = 3 mice per group). Data are means ~ s.e.m. Representative of 
two independent experiments. Samples were compared using unpaired, 
two-tailed Student’s t test (*P < 0.05, **P < 0.01). d, Kaplan-Meier survival 
curves of d42m1-T3-tumour-bearing mice (10 mice per group) therapeutically 
vaccinated with SLP vaccines plus poly(I:C). mLama4 plus mAlg8 compared 
to HPV control: P = 0.0002 (log-rank (Mantel-Cox) test). Representative of 
two independent experiments. e, Cumulative data from two independent SLP 
therapeutic vaccine experiments using mice (7-10 per group) with d42m1-T3 
or F244 tumours. 


(Extended Data Fig. 5b). We also found more than 200 wild-type pep- 
tides associated with H-2K” (Supplementary Table 1), but we have no 
evidence that any of these function as d42m1-T3 antigens. Mutant Alg8, 
wild-type Lama4 and wild-type Alg8 peptides were not detected (Sup- 
plementary Table 1). In contrast, using the more sensitive targeted selected 
reaction monitoring (SRM) mass spectrometry method, both mLama4 
and mAlg8 peptides were identified in the H-2K” eluate (Fig. 2a, Ex- 
tended Data Fig. 6a and Supplementary Data 1). Notably, mLama4 and 
mAlg8 were the only predicted strong-binding mutant epitopes found. 
Peptides from wild-type Lama4 or wild-type Alg8 were not detected. 
Neither mLama4 nor mAlg8 were detected in H-2K° eluates from F244 
cells (Extended Data Fig. 6b). Third, as detected by staining with H-2K” 
-mLama4 or -mAlg§ tetramers, CD8" T cells specific for either antigen 
accumulated temporally in d42m1-T3 tumours of anti-PD-1-treated 
mice, reaching maximal values just before tumour rejection (Fig. 2b and 
Extended Data Fig. 7a). No mLama4- or mAlg8-tetramer-positive TIL 
were observed in F244 sarcomas from anti-PD-1-treated mice. Fourth, 
the two H-2K-restricted epitopes induced antigen-specific CD8* T 
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Figure 3 | Differential effects of checkpoint blockade therapy on tumour- 
antigen-specific CD8* T cells. a, b, Top, per cent of CD8* TIL specific for 
mLaméaé4 (a) or mAlg8 (b) following checkpoint blockade therapy. Bottom, 
mean number of mLama4- (a) or mAlg8-specific (b) CDs" TIL per tumour 
following checkpoint blockade therapy. N = 5 mice per group pooled. Data are 
means + s.e.m. of at least three independent experiments. Samples were 
compared to control mAb treatment using unpaired, two-tailed Student’s t test 
(*P < 0.05, **P< 0.01). c, Venn diagram revealing relationships between 
differentially expressed genes (P < 0.05) in mLama4-specific CD8* TIL 

from mice treated with checkpoint-blocking mAbs versus control mAb. d, Heat 
map showing differentially expressed genes (P < 0.05) in mLama4-specific 
CD8* TIL from mice treated with checkpoint-blocking versus control mAbs. 
Colour pattern is relative with respect to the row, with red indicating gene 
upregulation and blue indicating gene downregulation. n = 15 mice per group 
analysed in triplicate. 


cell responses in naive mice when injected together with polyinosinic- 
polycytidylic acid (poly(I:C)) as assessed by ELISPOT (Fig. 2c). 

Since mLama4- and mAlg8-specific T cells were linked to anti-PD- 
1-induced d42m1-T3 rejection we asked whether a therapeutic vaccine 
comprised of these antigens could protect against tumour outgrowth. 
When 10-member groups of mice bearing established d42m1-T3 tumours 
were vaccinated with the combination of mLama4 (28-mer) and mAlg8 
(21-mer) synthetic long peptides (SLPs) with poly(I:C), 9 rejected their 
tumours compared to control mice vaccinated with irrelevant human 
papilloma virus (HPV) (30-mer) SLP plus poly(I:C) (1/10 mice survived) 
or poly(I:C) alone (1/10 mice survived) (Fig. 2d and Extended Data 
Fig. 8a). In multiple experiments, mice vaccinated with mLama4 + mAlg8 
SLP + poly(I:C) displayed an 85% survival (17/20) whereas those treated 
with HPV SLP + poly(I:C) or poly(I:C) alone showed 10% (2/20) and 
15% (3/20) survival, respectively (Fig. 2e). Prophylactic administration 
of the combined mLama4 and mAlg8 SLP vaccine induced 88% sur- 
vival (15/17) (Extended Data Fig. 8b, c). The combined mLama4 and 
mAlg8 prophylactic SLP vaccine induced superior protection compared 
to either SLP alone (Extended Data Fig. 8c) or compared to vaccines 
comprised of the minimal 8 amino acid epitopes (Extended Data Fig. 8c). 
The d42m1-T3-specific vaccines did not prevent outgrowth of unrelated 
F244 sarcomas (Fig. 2e and Extended Data Fig. 8c). These results not only 
demonstrate that mLama4 and mAlg8 are major antigenic targets that 
mediate checkpoint blockade-induced rejection of d42m1-T3 tumours, 
but also show that anti-PD-1 or therapeutic SLP vaccines consisting of 
the TSMA targeted by anti-PD-1 are similarly efficacious. 
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Since the aforementioned analyses were conducted using anti-PD-1- 
treated mice bearing d42m1-T3 tumours, we asked whether the presence 
of mLama4- and mAlg8-specific T cells in the TIL population was depen- 
dent on checkpoint blockade therapy. T cells specific for mLama4 or 
mAlg8 were detected in mice treated with control mAb or anti-PD-1 and/ 
or anti-CTLA-4 (Fig. 3a, b and Extended Data Fig. 7b). The percentage 
and total number of mLama4- or mAlg8-specific CD8* TIL were similar 
in tumours from control mAb- and anti-PD-1-treated mice but were 
elevated in mice treated with either anti-CTLA-4 or anti-CTLA-4 + 
anti-PD-1. 

The observation that mLama4- and mAlg8-specific T cells were found 
in tumours from mice treated with either control mAb or checkpoint 
blockade mAbs prompted us to assess the resultant changes in the TIL 
population following anti-PD-1 and/or anti-CTLA-4 treatment. We 
used RNA sequencing (RNA-Seq) to assess gene expression in freshly 
isolated, mLama4-H-2K°-tetramer * TIL from groups of tumour-bearing 
mice treated with control mAb, anti-PD-1, anti-CTLA-4 or anti-PD- 
1 + anti-CTLA-4. Since mLama4-specific T cells were seven times more 
abundant in d42m1-T3 tumours than mAlg8-specific T cells in this series 
of experiments, we restricted our analysis to the former. Only a subset 
of 25 genes was commonly regulated (either up or down) by treatment 
with anti-PD-1 and/or anti-CTLA-4 (Fig. 3c and Extended Data Table 1a). 
This group included a subset of genes whose enhanced expression is 
similar to that observed in CD8™ T cells from mice during acute second- 
ary viral infection and depressed in a manner similar to that of exhausted 
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Figure 4 | Checkpoint blockade therapy alters the functional phenotypes of 
tumour-antigen-specific CD8* T cells. a, TIM-3 or LAG-3 expression (MFI, 
mean fluorescent intensity) on CD8* TIL following checkpoint blockade 
therapy. b, Granzyme B expression in CD8* TIL following checkpoint 
blockade therapy. c, Per cent of CD8* TIL positive for IEFN-y and/or TNF- 
following checkpoint blockade therapy. n = 5 mice per group pooled. Data are 
means = s.e.m. of at least three independent experiments. Samples were 
compared to control mAb treated mice using an unpaired, two-tailed Student’s 
t test (*P < 0.05, **P<0.01). 
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CD8* T cells in chronic viral infection’® (Fig. 3c, Extended Data Table la 
and Supplementary Table 2). In contrast, antigen-specific CD8~ TIL 
isolated from anti-PD-1 and/or anti-CTLA-4 treated mice displayed 
mostly treatment-specific alterations of non-overlapping sets of genes 
involved in CD8* T cell effector functions (Supplementary Table 2). 
The effects of checkpoint blockade on gene expression were predomi- 
nantly observed on TSMA-specific T-cells and not in other CD8* TIL 
(Fig. 3d). 

To determine which pathways were regulated by the different check- 
point blockade therapies, we performed gene set enrichment analysis 
(GSEA) using canonical-pathway- and immunological-signature-databases. 
When compared to mLama4-specific TIL from control mAb-treated 
mice, tumour-antigen-specific TIL from mice treated with anti-PD-1 
and/or anti-CTLA-4 displayed a common set of alterations involving 
effector function, MAPK, chemokine and cytokine receptor signalling 
(Extended Data Table 1b and Supplementary Table 3). In contrast, 
mLama4-specific TIL from mice treated with anti-PD-1, anti-CTLA-4 
or both mAbs displayed profound treatment-specific pathway altera- 
tions (Extended Data Table 1b and Supplementary Table 3). Treatment 
with anti-PD-1 produced metabolic changes including those involving 
oxidative phosphorylation, glycolysis, respiratory electron transport, 
tricarboxylic acid cycle and pentose phosphate pathways, as well as in 
pathways involved in IL-2 signalling. These cells also displayed a profile 
consistent with response to type I IFN. Treatment with anti-CTLA-4 
increased NFAT and JAK-STAT signalling pathway activity, cellular 
proliferation/cell cycle, and activation of effector T cells. Treatment with 
both anti-CTLA-4 and anti-PD-1 induced a synergistic pattern of meta- 
bolic and effector T-cell-specific functions, including those involving 
T-cell-mediated anti-tumour activity. This was reflected in the most 
significant enhancement of effector molecules such as IFN-y, Granzyme 
A, Granzyme B, and Fas ligand (Supplementary Table 2). Thus, whereas 
blockade of different inhibitory co-stimulators leads to a common bio- 
logical outcome—tumour eradication—the precise mechanisms by which 
this outcome is achieved differ. 

Wealso assessed changes in expression of functionally relevant pro- 
teins on/in CD8* TIL in mice undergoing treatment with different 
checkpoint-blocking mAbs. TIL specific for mLama4 or mAlg8 from 
mice treated with anti-PD-1 and/or anti-CTLA-4 displayed lower cell 
surface expression of lymphocyte-activation gene 3 (LAG-3) and T cell 
immunoglobulin and mucin protein 3 (TIM-3) than those in progres- 
sively growing tumours in control mAb-treated mice (Fig. 4a and Ex- 
tended Data Fig. 9a, b). Elevated LAG-3 and TIM-3 expression is known 
to mark antigen-experienced, dysfunctional (that is, exhausted) CD8* 
T cells’®”” in chronic viral infection. Conversely, TIL specific for mLama4 
or mAlg8 from anti-CTLA-4- or anti-CTLA-4 + anti-PD-1-treated mice 
displayed significantly higher levels of Granzyme B than antigen-specific 
TIL from mice treated with either anti-PD-1 alone or control mAb 
(Fig. 4b). Consistent with the RNA-Seq analysis, these changes were 
observed predominantly in antigen-specific TIL. In addition, whereas 
a low percentage of CD8* TIL from mice treated with control mAb 
produced IFN-y and TNF-a (Fig. 4c and Extended Data Fig. 9c), the 
percentage of IFN-y-producing TIL increased following treatment of 
the mice with anti-PD-1 and particularly with anti-CTLA-4 or the com- 
bination of anti-CTLA-4 + anti-PD-1. TIL expressing both cytokines, 
which are likely to represent the most potent anti-tumour effectors, 
were most highly represented following treatment of tumour-bearing 
mice with the combination of anti-CTLA-4 + anti-PD-1. 

This report documents that TSMA are targets of checkpoint block- 
ade immunotherapy and can be used in vaccines that therapeutically 
induce tumour rejection as effectively as checkpoint blockade therapy. 
The ability to rapidly and accurately identify TSMA using genomics 
and bioinformatics approaches'*” and use them to generate MHC tet- 
ramers to identify tumour-specific T cells provides a significant advan- 
tage to the fields of tumour immunology and cancer immunotherapy. 
This approach has not only facilitated the identification of the anti- 
genic targets of T cells affected by checkpoint blockade therapy” but 
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also has provided insights into the molecular changes that occur within 
the tumour-antigen-specific T-cell population that give rise to the anti- 
tumour effects of anti-PD-1 and/or anti-CTLA-4. Our findings pro- 
vide some of the first experimental support for the clinical observations 
that (1) checkpoint blockade therapy amplifies, in some cases, pre- 
existing anti-tumour T-cell responses*?”’”; (2) whereas anti-CTLA-4 
treatment eliminates regulatory T cells, promotes T-cell priming, and 
renders the host more susceptible to autoimmunity’*”””’, anti-PD-1 
promotes T-cell activation acting as a rheostat of immune effector 
function’”*”*”*; and (3) dual blockade of CTLA-4 and PD-1 is particularly 
effective in promoting enhanced anti-tumour effector functions’®”*”®. 

The mutational loads of the MCA sarcomas used in this study are 
high and similar to those of ultraviolet- and carcinogen-induced human 
cancers. For these types of tumours, it is likely that TSMA vaccines 
targeting multiple antigens will be possible, thereby providing better 
coverage of the tumour cell population in part due to dealing more effec- 
tively with tumour heterogeneity”’”*. Additionally, the combination of 
a TSMA vaccine and checkpoint blockade may facilitate the immune 
system’s ability to recognize less immunogenic TSMA as wellas shared, 
tumour-associated antigens (TAA) via mechanisms that mimic epitope- 
spreading”. However, recent studies have shown that human tumours 
containing far fewer mutations (for example, 26 mutations) can be sen- 
sitive to TSMA-based immunotherapy even for tumour-specific anti- 
gens that are targets for class II restricted CD4* T cells*’. Our study 
thus provides a strong argument to actively pursue the use of TSMA as 
targets for cancer immunotherapy, as a means to identify patients who 
would best benefit from such therapy, and as components of MHC tet- 
ramers that can be used to identify tumour-specific T cells as biomarkers 
of successful anti-tumour responses. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Histone H2A.Z subunit exchange controls 
consolidation of recent and remote memory 


Iva B. Zovkic', Brynna S. Paulukaitis', Jeremy J. Day', Deepa M. Etikala’ & J. David Sweatt! 


Memory formation is a multi-stage process that initially requires 
cellular consolidation in the hippocampus, after which memories 
are downloaded to the cortex for maintenance, in a process termed 
systems consolidation’. Epigenetic mechanisms regulate both types 
of consolidation” ’, but histone variant exchange, in which canon- 
ical histones are replaced with their variant counterparts, is an entire 
branch of epigenetics that has received limited attention in the 
brain* ” and has never, to our knowledge, been studied in relation 
to cognitive function. Here we show that histone H2A.2Z, a variant 
of histone H2A, is actively exchanged in response to fear condition- 
ing in the hippocampus and the cortex, where it mediates gene ex- 
pression and restrains the formation of recent and remote memory. 
Our data provide evidence for H2A.Z involvement in cognitive func- 
tion and specifically implicate H2A.Z as a negative regulator of hip- 
pocampal consolidation and systems consolidation, probably through 
downstream effects on gene expression. Moreover, alterations in 
H2A.Z binding at later stages of systems consolidation suggest that 
this histone has the capacity to mediate stable molecular modifica- 
tions required for memory retention. Overall, our data introduce his- 
tone variant exchange as a novel mechanism contributing to the 
molecular basis of cognitive function and implicate H2A.Z as a po- 
tential therapeutic target for memory disorders. 

As a first step in exploring the role of H2A.Z in cognitive function, 
we used immunohistochemistry to confirm its expression through- 
out the hippocampus (Extended Data Fig. la—c). Next, we showed that 
H2afz, a gene encoding H2A.Z, was inhibited at 30 min (F314 = 6.38, 
P = 0.006) and returned to baseline levels 2 h after contextual fear con- 
ditioning in mice (Extended Data Fig. 1d). In addition, H2A.Z levels (F3, 
= 5.34, P = 0.02) were reduced and promoter methylation was increased 
(F3,21 = 12.34, P< 0.001) 30 min after training (Extended Data Fig. le, 
f). Although promoter methylation negatively affects transcription*®’, 
this role is complex’* and may not be the direct cause of H2A.Z inhi- 
bition in our study. 

H2A.Z positioning around the transcriptional start site (TSS) is 
strongly associated with transcription'''**. Using chromatin immuno- 
precipitation (ChIP), we investigated H2A.Z exchange at the — 1 (first 
nucleosome upstream of the TSS) and +1 (first nucleosome down- 
stream of the TSS) nucleosomes of memory-associated genes during 
consolidation (Fig. 1). At 30 min after training, H2A.Z binding was 
reduced at the +1 nucleosome of memory-promoting genes (Npas4: 
Welch’s F3 4.93 = 67.10, P< 0.001; Arc: Welch’s F363 = 153.95, P< 0.001; 
Egr1: Welch’s F3,7. g6 = 282.71, P< 0.001; Egr2: F313 = 3.50, P = 0.04; 
Fos: F3,9 = 39.61, P < 0.0001), and the expression of corresponding genes 
was increased during this time (Npas4: F315 = 22.38, P< 0.001; Arc: 
F315 = 16.34, P< 0.001; Egrl: F315 = 12.55, P< 0.001; Egr2: F315 = 
9.72, P = 0.001; Fos: F3, = 60.71, P< 0.001). In contrast, H2A.Z incor- 
poration for the memory suppressor Ppp3ca increased at the +1 nu- 
cleosome (F3, = 5.83, P = 0.02) when gene expression was reduced (F3,)7 
= 4.07, P = 0.03) (Fig. 1 and Extended Data Fig. 2), suggesting that H2A.Z 
at the +1 nucleosome restricts transcription. These findings are con- 
sistent with reports of stimulus-induced H2A.Z eviction’®” and evid- 
ence for the + 1 nucleosome acting as a transcriptional barrier'*”’. Given 


that our data are normalized to histone H3 to correct for potential 
changes in nucleosome occupancy, we conclude that H2A.Z eviction 
in particular is associated with activity-induced gene expression. 

At the —1 nucleosome, H2A.Z binding increased for both memory- 
promoting and memory-suppressing genes (Npas4: F3,, = 12.89, P= 
0.002; Egr1: Welch’s F3,335 = 9.18, P = 0.04; Egr2: F3.3 = 7.47, P= 0.01; 
Fos: F3,3 = 8.23, P = 0.008; Ppp3ca: F3,3 = 9.20, P= 0.004) at 30 min, 
irrespective of changes in gene expression (Fig. 1 and Extended Data 
Fig. 2). Various studies have associated H2A.Z binding in the —1 nu- 
cleosome with steady-state gene activity'’’’, but our data suggest that 
stimulus-induced changes in H2A.Z binding do not correlate with tran- 
scription at this time point. 

H2A.Z binding returned to baseline levels within 2h, except for a 
delayed increase in Bdnf exon IV expression (F317 = 15.09, P< 0.001) 
and a concomitant reduction in H2A.Z binding at the + 1 nucleosome 
(F313 = 3.72, P = 0.03) (Extended Data Fig. 2). Of note, H2A.Z was evicted 
in context-only mice, even though gene expression increased only with 
context and shock pairing. This may reflect the 2h time point, since 
Bdnf IV expression is typically elevated 1 h after training’. 

Indeed, the association between gene expression and H2A.Z bind- 
ing was no longer evident 2h after training. Whereas H2A.Z binding 
returned to baseline, gene expression remained elevated (Arc: Welch’s 
F3.9.97 = 12.16, P = 0.001; Egr1: Welch’s F335 = 6.68, P = 0.01; Egr2: 
Welch’s F3,477 = 11.13, P = 0.01; Fos: F317 = 5.54, P = 0.008). For Ppp3ca, 
H2A.Z binding increased 2h after training at —1 (F319 = 28.35, P< 
0.001) and +1 (F319 = 4.10, P = 0.04) nucleosomes, even though gene 
expression returned to baseline. Thus, H2A.Z exchange is uncoupled 
from gene expression during the late stages of transcription, consistent 
with evidence that H2A.Z exchange is primarily involved in transcrip- 
tion initiation”®. 

H2A.Z has been associated with both positive and negative effects on 
transcription''’*”’, with acetylation having a positive effect’®'””’. Using 
acetylation as an indirect index of the transcriptional impact of H2A.Z, 
we found that 30 min after training, when H2A.Z exchange is most pro- 
nounced, acetylated H2A.Z (H2A.Zac) binding increased at the — 1 nucle- 
osome of Egr1 (F3,g = 11.07, P = 0.03) and Fos (F3,3 = 3.92, P = 0.05). 
Consistent with H2A.Z eviction from the +1 nucleosome at 30 min, a 
subset of genes also exhibited reduced acetylation at the + 1 nucleosome 
at this time point (Egr2: F;.. = 4.03, P = 0.05; Egrl: Fs = 14.13, P= 
0.001) (Extended Data Fig. 3). 

To directly investigate the involvement of H2A.Z in memory, we 
conducted adeno-associated virus (AAV)-mediated H2A.Z depletion 
in the pyramidal cell layer in the dorsal CA1 region of the hippocam- 
pus (Fig. 2a, b). The construct effectively reduced H2A.Z messenger 
RNA (t,7 = —4.76, P< 0.0001) and produced a 55.8% reduction in 
H2A.Z protein levels (Fig. 2c). H2A.Z depletion was associated with 
improved fear memory, as evidenced by increased freezing 24h (t39 = 
2.28, P = 0.04) and 30 days (tg = —2.31, P = 0.05) after training, com- 
pared to mice injected with a scramble control (Fig. 2d, e). 

To investigate the basis for improved memory, we quantified the 
effect of H2A.Z depletion on training-induced gene expression. H2A.Z 
depletion increased Bdnf exon IV (virus (scramble or H2afz)-training 
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Figure 1 | H2A.Z exchange in CA1. H2A.Z binding at the —1 nucleosome 
(first column for each time point; n mice per group: N = 4, C = 3, S = 3, 

CS = 3) and +1 nucleosome (second column for each time point) relative to 
TSS either 30 min (left; 1 mice per group for Npas4, Egr2 and Arc: N = 7;C = 5; 
S = 4; CS = 6; Ppp3ca: N = 4, C = 3, S = 3, CS = 3) or 2h (right; n mice per 
group: N = 10; C = 2; CS = 4; S = 6; for Ppp3ca: N = 6; C = 2; S = 2; CS = 4) 


(naive or fear conditioned) interaction (F,,)7 = 8.31, P = 0.01)) and Arc 
(virus—training interaction; F,;7 = 6.03, P = 0.025) expression 30 min 
after training, whereas the expression of other memory-promoting genes 
increased only as a function of fear conditioning, irrespective of H2A.Z 
manipulation (main effect of training (Npas4: F, 1). = 7.12, P = 0.02; 
Egrl: Fyiz = 16.23, P= 0.001; Egr2: Fiji = 38.53, P< 0.001; Fos: Fyi2 
= 93.69, P< 0.001)). The memory suppressor genes Ppp3ca and Ppplcc 
were not altered by training or by H2A.Z manipulation, suggesting that 
the effects of H2A.Z depletion are gene-specific (Fig. 2g-n). These data 
are consistent with evidence that H2A.Z depletion increases gene 
expression’*”°”’, but it is not clear which specific genes account for 
the memory-enhancing effects of H2A.Z depletion. 

To examine the genome-wide transcriptional impact of H2A.Z de- 
pletion, we performed directional, poly(A)* RNA sequencing. H2A.Z knock- 
down altered baseline expression of 451 genes (Fig. 3a and Supplementary 
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after training. Corresponding gene expression is shown in the third column for 
each time point (m mice per group: N = 5, C = 6; S = 2; CS = 6). N, naive; 

C, context; S, shock; CS, context plus shock. Data are expressed as mean 
percentage + standard error of the mean (s.e.m.) relative to the mean of naive 
mice. *Follow-up comparisons with P < 0.05. 


Table 1). In H2A.Z-depleted mice, fear conditioning altered the expres- 
sion of 202 genes (Fig. 3b and Supplementary Table 2), including a 
number of the early learning-related genes identified via quantitative 
real-time PCR (qPCR; Arc, Fos, Egr1 and Egr2; Fig. 3c, e). Thus, whereas 
H2A.Z knockdown altered the baseline expression of 153 genes that are 
affected by training, our whole-genome sequencing results are consist- 
ent with a lack of H2A.Z involvement in baseline expression of known 
memory-related genes (for example, Arc). Gene ontology analysis of 
training-induced changes identified genes involved in sequence-specific 
DNA binding and DNA regulation (Fig. 3d), consistent with the rapid 
transcriptional role of H2A.Z following learning. 

Whereas initial memory consolidation is dependent on the hippo- 
campus, epigenetic modifications in the cortex are implicated in systems 
consolidation and memory maintenance’®. In contrast to the hippo- 
campus, we did not find differences in cortical H2A.Z expression after 


27 NOVEMBER 2014 | VOL 515 | NATURE | 583 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


Figure 2 | H2A.Z depletion in CA1. a, Design of 
behavioural experiments. b, AAV spread. c, H2afz- 
AAV knockdown (Scrambled (scr) n = 9; 
= H2A.Z n = 10). d, e, H2afz-AAV enhanced 
memory 24h (d; Scr n = 18; H2A.Z n = 14) and 30 
days (e; Scr n = 5; H2A.Z n = 6) after training. 
f, Design of gene expression experiments. 
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fear conditioning (Extended Data Fig. 4). However, H2A.Z binding at 


the +1 nucleosome was reduced 2 h after training (Arc: F3,12 = 4.05, P = 


0.03; Egr1: F312. = 3.53, P = 0.049; Egr2: F312 = 5.36, P = 0.01), whereas 
H2A.Z binding increased at the +1 nucleosome of the memory sup- 
pressor Ppp3ca (F3,12 = 4.06, P = 0.03). Changes in H2A.Z binding at 
the — 1 nucleosome were found only for Ppp3ca (F312 = 13.84, P< 0.001), 
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where less H2A.Z was present at 2h (Extended Data Figs 5 and 6). 
Training-induced H2A.Z eviction at 2 h implicates H2A.Z in the early 


stages of systems consolidation. 


At 7 days, when memory becomes increasingly dependent on the 
cortex, H2A.Z binding increased at the —1 nucleosome of memory- 
promoting genes (Arc: F3,, = 3.03, P = 0.05; Egr1: F3,1. = 5.46, P = 0.01; 


c Scrambled vs H2A.Z 


(451 genes) 


H2A.Z untrained 
vs trained 
(202 genes) 


Arc 


| in untrained 
t in trained 


} in untrained 
| in trained 


Training modified genes 


FPKM 


8.2 


FPKM 


sll. 
alll 


ll. 
= 


Egr1 


Scrambled 
untrained 


H2A.Z 
untrained 
Normalized 


H2A.Z 
trained 


read density 


Figure 3 | RNA sequencing data 
depicting genome-wide 
transcriptional impact of AAV- 
mediated H2A.Z depletion. a, A 
comparison of untrained animals 
two weeks after stereotaxic delivery 
of scrambled or H2A.Z AAV into 
CA1. b, Comparison of gene 
expression in mice receiving H2A.Z 
AAV with and without fear 
conditioning. Samples were taken 
30 min after training. c, Venn 
diagram depicting the overlap 
between genes mediated by H2A.Z 
AAV at baseline and in response to 
fear conditioning. d, Gene ontology 
analysis of differentially expressed 
genes in untrained scrambled versus 
H2A.Z AAV and of H2A.Z AAV 
mice with and without training. 

e, Example of individual genes 
modified by training. FPKM, 
fragments per kilobase of exon per 
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Egr2: F313 = 3.66, P = 0.04; Bdnf IV: F312 = 4.21, P = 0.03) and the —1 
nucleosome of the memory suppressor Ppp3ca (F321 = 5.98, P = 0.004). 
These changes were no longer evident at 30 days (Extended Data Figs 5 
and 6), indicating that TSS-flanking H2A.Z is associated with systems 
consolidation, but perhaps not with memory maintenance, consistent 
with a recent study of cortical histone acetylation’. 

In contrast to observations of cortical H2A.Z exchange at 2 h, we did 
not find differences in H2A.Zac binding at this time (Extended Data 
Fig. 7). At7 days, H2A.Zac binding was reduced at a subset of — 1 (Egrl: 
F311 = 4.96, P = 0.02; Egr2: F311 = 3.58, P = 0.05; Bdnf IV: F311 = 6.83, 
P = 0.007; Ppp3ca: F3,1 = 4.05, P = 0.03; Ppplcc: F3,1, = 3.57, P = 0.05) 
and +1 (Egrl: F3, = 3.59, P = 0.046; Bdnf IV: F3, = 4.17, P = 0.03; 
Pppicc: F3,;; = 3.56, P= 0.05) nucleosomes (Extended Data Fig. 8). 
Although we cannot conclude with certainty that H2A.Z binding at these 
loci is repressive, reduced H2A.Zac binding suggests that an activity- 
associated modification'*'*” is removed during systems consolidation 
in the cortex. 

Next, we infused H2A.Z AAV into the medial pre-frontal cortex (mPFC; 
Fig. 4a) and confirmed a reduction in H2afz mRNA, as well as a 68.34% 
reduction in protein levels (Fig. 4b, c). H2A.Z depletion did not affect 
fear memory at the hippocampus-dependent 24 h time point, whereas 
significantly higher freezing was observed in H2A.Z-depleted mice at 
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the two remote time points (30 days: t}4 = —5.28, P< 0.0001; and 7 days: 
ts = —3.07, P = 0.02) (Fig. 4d-f). In separate mice, H2A.Z knockdown 
enhanced Fos expression irrespective of training 30 min after fear con- 
ditioning (main effect of virus: F, 1. = 4.77, P = 0.049) and reduced the 
expression of Ppp3ca (training-—virus interaction: F, ). = 16.28, P < 0.002) 
in untrained H2A.Z knockdown compared to untrained scrambled mice. 
The expression of remaining genes increased only as a function of fear 
conditioning (Npas4: F\ 12 = 108.65, P< 0.001; Arc: Fy, 12 = 156.00, P< 
0.001; Egrl: F,:. = 10.73, P = 0.007; Egr2: F, 4) = 115.03, P< 0.001, 
Fos: F;12 = 63.77, P < 0.001) (Fig. 4h—-o). Although the virus was present 
throughout the consolidation and maintenance stages, the emergence of 
memory enhancement at 7 days, and altered Fos and Ppp3ca expression 
at 30 min, are consistent with an early role in systems consolidation. 

Overall, H2A.Z has a restrictive effect on recent and remote memory. 
However, consistent with the wide genomic distribution of H2A.Z", our 
sequencing data demonstrate that its depletion both up- and downreg- 
ulates 451 different genes, making it difficult to ascertain specific targets 
through which H2A.Z regulates memory. 

While our data clearly indicate that H2A.Z is dynamically regulated 
during learning and memory, the basis for H2A.Z regulation in the cen- 
tral nervous system is not known and indeed, its regulation is not fully 
understood in any biological system. Recent studies identified DNA 


27 NOVEMBER 2014 | VOL 515 | NATURE | 585 
mited. All rights reserved 


LETTER 


methylation, sirtuin 1 and H3 acetylation at lysine 56**** as negative 
regulators of H2A.Z. These factors have a known role in memory*””” 
and represent potential regulators of H2A.Z in fear conditioning. Nota- 
bly, many changes in H2A.Z binding were not specific to associative learn- 
ing, although H2A.Z exchange specificity was evident at numerous genes 
in the cortex and a subset of genes in CA1. Thus, although H2A.Z has 
the capacity for specific regulation of associative learning, its exchange 
is also sensitive to broader environmental stimuli. 

Overall, we show that H2A.Z is a novel regulator of memory and intro- 
duce histone variant exchange as an additional epigenetic contributor 
to the complex coordination of gene expression in memory. Further, our 
data suggest that H2A.Z antagonists may provide a novel therapeutic 
target for memory disorders. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Epigenetic reprogramming that prevents 
transgenerational inheritance of the vernalized state 


Pedro Crevillén'y, Hongchun Yang", Xia Cui’, Christiaan Greeff't, Martin Trick!, Qi Qiu’, Xiaofeng Cao? & Caroline Dean! 


The reprogramming of epigenetic states in gametes and embryos is 
essential for correct development in plants and mammals’. In plants, 
the germ line arises from somatic tissues of the flower, necessitating 
the erasure of chromatin modifications that have accumulated at spe- 
cific loci during development or in response to external stimuli. If this 
process occurs inefficiently, it can lead to epigenetic states being inher- 
ited from one generation to the next” *. However, in most cases, accu- 
mulated epigenetic modifications are efficiently erased before the next 
generation. An important example of epigenetic reprogramming in 
plants is the resetting of the expression of the floral repressor locus 
FLCin Arabidopsis thaliana. FLC is epigenetically silenced by pro- 
longed cold in a process called vernalization. However, the locus is 
reactivated before the completion of seed development, ensuring the 
requirement for vernalization in every generation. In contrast to our 
detailed understanding of the polycomb-mediated epigenetic silenc- 
ing induced by vernalization, little is known about the mechanism 
involved in the reactivation of FLC. Here we show that a hypomorphic 
mutation in the jumonji-domain-containing protein ELF6 impaired 
the reactivation of FLCin reproductive tissues, leading to the inher- 
itance of a partially vernalized state. ELF6 has H3K27me3 demeth- 
ylase activity, and the mutation reduced this enzymatic activity in 
planta. Consistent with this, in the next generation of mutant plants, 
H3K27me3 levels at the FLClocus stayed higher, and FLC expression 
remained lower, than in the wild type. Our data reveal an ancient role 
for H3K27 demethylation in the reprogramming of epigenetic states 
in plant and mammalian embryos’. 

Many A. thaliana accessions overwinter before flowering, as a result 
of FRIGIDA (FRI)-mediated high-level expression ofa floral repressor 
called FLC*”. Prolonged cold during the weeks of winter antagonizes 
this activation and progressively epigenetically silences FLC. This pro- 
cess enables other floral promotion signals, such as day length, to induce 
flowering in spring. The epigenetic silencing of FLC involves polycomb- 
mediated chromatin regulation’””’ and is maintained until embryogen- 
esis, when FLC expression is reset to ensure a requirement for vernalization 
in every generation’’*. The resetting of FLC expression occurs in the 
early globular embryo'*"’; then, FLC expression increases throughout 
embryo development until it reaches maximum levels when the seed has 
completely formed'*. However, the molecular mechanisms underlying 
FLC resetting are unknown, and several factors that are required for the 
upregulation of FLC in vegetative tissues have been shown to be dispens- 
able for FLC expression in the embryo™. One exception is the yeast SWR1 
homologue PIE] (ref. 14), although it is unclear whether pie mutations 
are resetting-specific defects because these mutations strongly reduce 
FLC expression across the plant independently of vernalization status. 

To dissect this resetting mechanism, we isolated mutants that are defec- 
tive in the reactivation of FLC after vernalization (Extended Data Fig. 1a). 
The parental line was an A. thaliana Landsberg erecta (Ler) plant carry- 
ing an FLC::luciferase (FLC::LUC) translational fusion and an active FRI 
transgene’*. We searched for plants in which FLC expression was silenced 
by vernalization but, unlike in the wild type, was not fully restored in the 


following generation (Fig. 1a), leading to inheritance of the vernalized 
state. The frequency of these mutations was low (with only 2 mutants 
identified from the progeny of 6,000 mutagenized parent lines), in con- 
trast to the more common class of mutations, which involved early flow- 
ering before vernalization as a result of reduced FLC expression (Extended 
Data Fig. 1b). The first resetting mutant that was isolated was found to 
be recessive (Extended Data Fig. 2a) and flowered slightly earlier with- 
out vernalization than did the wild type (Fig. 1b). In the generation after 
vernalization, the mutant flowered even earlier and had significantly 
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Figure 1 | Isolation and characterization of the resetting mutant. a, The 
rationale for the genetic screen. The parental wild type (WT) is Ler (FRI) 
FLC::LUC; the mutant is a resetting mutant. b-d, The resetting mutant is early 
flowering (b), with fewer leaves when bolting (with flowering time assayed as 
total leaf number), and maintains low FLC expression, as shown by FLC- 
luciferase imaging of 8-day-old seedlings (c) and by quantitative reverse 
transcription PCR (qRT-PCR) analysis normalized to UBC levels (d). 
Pseudocolour bioluminescent images (c, top) from blue (least intense) to red 
(most intense) and normal images (c, bottom) of the same plants are presented. 
The data are presented as the mean + s.e.m., m = 20 (b) and n = 3 (d); 

***P < 0.001. NV, non-vernalized; NV(V), non-vernalized following 
vernalization in the previous generation; VER, vernalized. 
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reduced FLC expression (Fig. 1c, d), albeit about fourfold higher than 
in fully vernalized seedlings (Fig. 1d). The resetting mutant therefore 
causes transgenerational inheritance ofa partially vernalized state. The 
early flowering phenotype was stable for at least three generations fol- 
lowing vernalization (Extended Data Fig. 2b) but was not enhanced by 
a second vernalization treatment in the later generations. No other strong 
developmental phenotypes were observed. 

The mutant phenotype was strongly affected by the segregation of 
modifiers in a traditional Ler X Columbia (Col) cross, which is norm- 
ally used for genetic mapping, and the mutation was only narrowed to 
a ~500 kilobase region on chromosome 5. We therefore sequenced the 
whole genome of the mutant plant and analysed the linkage of candid- 
ate single nucleotide polymorphisms (SNPs) in an F, population gen- 
erated from a cross between the mutant and the isogenic progenitor line. 
This strategy identified a SNP in ELF6 (AT5G04240) that co-segregated 
with the resetting phenotype (Extended Data Fig. 3). To confirm that the 
resetting phenotype was caused by this mutant allele (named e/f6-5), 
we complemented the mutation using the wild-type ELF6 gene under 
the control of its own regulatory sequences. Vernalized T, transgenic 
elf6-5 lines carrying the wild-type ELF6 transgene showed wild-type FLC 
expression levels in the siliques (Fig. 2a, b). Thus, we concluded that the 
single nucleotide mutation in ELF6 causes the mutant phenotype. 

ELF6 is a jumonji-C-domain-containing protein that is closely related 
to the histone H3 trimethylated lysine 27 (H3K27me3) demethylase REF6 
(ref. 16), and it is expressed at low levels in seedlings but at high levels 
in flowers and embryos (Fig. 2c-f). In the elf6-5 mutants, an alanine is 
replaced with a valine (amino acid 424) at the carboxy-terminal end of 
the jumonji C domain (Fig. 2g). This amino acid is conserved in REF6 
and the human H3K27me3 demethylases UTX (also known as KDM6A) 
and JMJD3 (also known as KDM6B) (Fig. 2g). This high degree of con- 
servation suggests that this residue may be crucial for the function of the 
protein. A null elf6 T-DNA insertion allele has been shown to be early 
flowering because of increased expression of FT’’, an integrator gene 
that promotes floral transition. In addition, we found less FLC expres- 
sion in seedlings carrying this knockout allele (e/f6-3) than in wild-type 
Col seedlings (Extended Data Fig. 4a), confirming that ELF6 regulates 
FLC expression. The early flowering phenotype and low FLC expression 
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Figure 2 | Mapping of the resetting mutant. a,b, An ELF6 genomic construct 
complements the resetting mutant. FLC-luciferase imaging (a) and FLC 
qRT-PCR data (b) from mature siliques from the vernalized WT, the elf6-5 
mutant and representative T> elf6-5 (pELF6::ELF6) lines (Linel and Line2). 
Pseudocolour bioluminescent image (a) from blue (least intense) to red (most 
intense). cf, ELF6::GUS (blue) expression profile in a 7-day-old seedling 
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in elf6-3 seedlings precluded observation of the resetting phenotype 
(Extended Data Fig. 4b). Although the different genetic backgrounds of 
the two alleles may complicate interpretation, these data suggest that 
the alanine-to-valine substitution in elf6-5 plants confers a hypomorphic 
phenotype, affecting an activity that is particularly important for reset- 
ting FLC expression during reproductive development. 

Consistent with a role for ELF6 in regulating FLC resetting, the elf6-5 
allele had a much larger effect on FLC expression in flowers and siliques 
than in seedlings (Fig. 3a, b). To define more precisely when the e/f6-5 
mutant disrupts FLC expression, we measured FLC messenger RNA levels 
at different stages of silique development’, a proxy for FLC expression 
in the embryo'**. Low FLC mRNA levels were detected in young siliques 
from the vernalized parental line (SQ16 and SQ17a) (Fig. 3c), and these 
levels increased as the silique matured (SQ17b1 and SQ17b2), reaching 
amaximum when the silique started to desiccate and the embryo became 
fully developed (SQ18). In the vernalized resetting mutant, FLC mRNA 
was detected in young, developing siliques, but it was not upregulated 
to wild-type levels at the later stages (Fig. 3c). Comparison of siblings 
differing only by an FLC::GUS (B-glucuronidase) reporter’’ showed that 
FLC::GUS expression was lower in the early globular embryo of elf6-5 
mutants than in the wild type (Fig. 3d). This finding suggests that ELF6 
increases FLC expression as the embryo develops. There may be no clear 
mechanistic separation between reprogramming the epigenetic state and 
setting the FLC expression level. 

The FLC locus has a complex transcriptional circuitry, including a set 
of antisense transcripts called COOLAIR that are induced during ver- 
nalization but are also expressed in the warm”’. We wondered whether 
the elf6-5 resetting mutant also affected COOLAIR expression. Surpris- 
ingly, no difference between the mutant and the wild type was found, and 
COOLAIR transcripts were upregulated normally in the mutant in devel- 
oping siliques (Fig. 3e). Therefore, in contrast to mutants in which both 
FLC sense and total COOLAIR expression levels change coordinately 
(for example, fri mutants), the mutation in elf6-5 plants uncouples FLC 
sense and antisense regulation. 

Many other loci are epigenetically modified during A. thaliana gamete 
formation and embryo development”’”*. We tested whether the elf6-5 allele 
influences transposon expression, by analysing specific short interfering 
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(c), ovules (d), a globular embryo (e) and a mature embryo (f). Scale bars, 5 mm 
(c), 250 tum (d), 50 jim (e, f). g, The ELF6 amino acid residue that is mutated in 
elf6-5 mutants is conserved (red; A, alanine). A sequence alignment of the 
jumonji C domain of A. thaliana ELF6 and REF6 and human JMJD3 and 
UTX proteins is shown. Highly conserved residues are shaded in grey. 

The numbering refers to the ELF6 amino acid position. 
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Figure 3 | Characterization of the elf6-5 resetting mutant. a, b, FLC- 
luciferase imaging (a) and FLC qRT-PCR data (b) for tissues from the WT and 
the elf6-5 mutant in the generation following vernalization. The data are 
presented as the mean + s.e.m., n = 6. Pseudocolour bioluminescent image 
(a) from blue (least intense) to red (most intense). ¢, (RT-PCR data for 
vernalized WT and elf6-5 siliques'*: immediately after fertilization, with petals 
still attached (SQ16); small and without petals (SQ17a); first (SQ17b1) and last 
(SQ17b2) mature green siliques; and yellow siliques (SQ18). The data are 
presented as the mean + s.e.m., n = 4; *P < 0.05; **P < 0.01; ***P< 0.001 
compared with WT. d, FLC::GUS (blue) expression in vernalized WT (top) 
and elf6-5 (bottom) early globular embryos. Scale bars, 100 jum. e, (RT-PCR 
shows that COOLAIR levels are not affected in elf6-5 siliques. The data are 
presented as the mean + s.e.m., n = 5. f, (RT-PCR data showing that the 
MAF2, MAF3, MAF4 and MAF5 genes are misregulated in elf6-5 seedlings 

in the generation following vernalization. The data are presented as the 
mean + s.e.m., 1 = 3. g, FLM has reduced expression in vernalized elf6-5 
siliques. The data are presented as the mean + s.e.m., 1 = 3. 
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RNAs (siRNAs) produced during seed development”, including an 
siRNA homologous to the flanking 3’ region of the FLC locus that accu- 
mulates preferentially in siliques”. Using sensitive northern blot analyses, 
we did not detect any difference in the amount of these siRNAs between 
vernalized siliques from e/f6-5 and the parental line (Extended Data Fig. 5). 
We then asked whether the elf6-5 allele influenced the expression of other 
FLC-family members”. MAF2, MAF3, MAF4 and MAF5 were down- 
regulated in elf6-5 seedlings and were expressed below the detection level 
in siliques (Fig. 3f), whereas FLM (also known as MAF1) expression was 
unchanged in seedlings but strongly downregulated in elf6-5 siliques 
(Fig. 3f, g). The vernalization response in winter-annual A. thaliana acces- 
sions (containing an active FRI allele) depends predominantly on FLC 
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activity”; however, in the rapid-cycling Col (fri) genotype, all MAF 
genes appear to be direct targets of the polycomb machinery**”, indi- 
cating that the ELF6-regulatory mechanism that has been elaborated 
for FLC may have more general functions in the A. thaliana genome. 

Since ELF6 is closely related to the H3K27me3 demethylase REF6, 
we tested the enzymatic activity of both wild-type and mutant ELF6, by 
using an in vivo histone demethylation assay’®. We found that transient 
expression of A. thaliana ELF6 resulted in reduced H3K27me2 and 
H3K27me3 levels in tobacco (Nicotiniana benthamiana) leaves (Fig. 4a); 
no changes were found in the levels of H3K27me1, H3K4me3, H3K9me2 
and H3K36me3 (Fig. 4a and Extended Data Fig. 6). These data show that 
A. thaliana ELF6 has histone demethylase activity specific for H3K27me2 
and H3K27me3. The elf6-5 mutant carries an alanine-to-valine sub- 
stitution at the C-terminal end of the jumonji C domain. The mutation 
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Figure 4 | ELF6 shows H3K27 histone demethylase activity. 

a, b, Overexpression of a yellow fluorescent protein (YFP)-ELF6 fusion protein 
reduces H3K27me3 and H3K27me? levels but not H3K27mel levels (a, left). 
Overexpression of YFP-ELF6“*™Y has no effect on H3K27 methylation 

(b, left). Histone methylation was visualized by immunostaining (red). Nuclei 
(arrows) from transfected cells were visualized by the YFP signal (green) and 
stained with DAPI (4’,6-diamidino-2-phenylindole) (blue). The histograms 
quantify the methylation levels in the nuclei of transfected (red) and non- 
transfected (blue) cells. The data are presented as the mean = s.d. ¢, FLC regions 
analysed in ChIP. kb, kilobase. d, H3K27me3 levels in elf6-5 and WT siliques 
(stage SQ16-SQ17a) from vernalized plants. The data are presented as the 
mean + s.e.m., 1 = 3. The H3K27me3 level in WT (V) plants is significantly 
lower than that in elf6-5 (V) in the FLC region +4,088 (*P < 0.05). e, The 
H3K27me3 levels in progeny derived from parents that had (V) or had not 
(NV) been vernalized. The H3K27me3 level in WT (V) plants is significantly 
lower than that in elf6-5 (V) in the FLC region +459 (*P < 0.05). The data are 
presented as the mean + s.e.m., n = 3. 
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of this highly conserved residue (Fig. 2g) reduced H3K27 demethylase 
activity in our assay (Fig. 4b). To test whether this reduced activity influ- 
enced H3K27me3 levels at the FLC locus in vivo, we performed chro- 
matin immunoprecipitation (ChIP) experiments. In wild-type Ler (FRI) 
plants, H3K27me3 levels increased by about twofold to fourfold in ver- 
nalized seedlings but were reduced to almost non-vernalized levels in 
vernalized siliques (Extended Data Fig. 7). When the resetting mutant 
was analysed, we found that the H3K27me3 levels were higher at FLC 
in vernalized young siliques of elf6-5 mutants than of the parental line 
(Fig. 4d). ChIP analysis on seedlings of the generation following vernal- 
ization also showed increased levels of H3K27me3 over various regions 
of FLC in elf6-5 mutants (Fig. 4e). These experiments were performed 
using whole seedlings or siliques; therefore, the data should be inter- 
preted with caution because they are derived from a mixture of tissues. 
The vernalization-independent increase in H3K27me3 levels in elf6-5 
mutants and the phenotype of the e/f6 loss-of-function mutant make it 
likely that ELF6 has broader functions than simply resetting H3K27 
methylation after vernalization. Nevertheless, all of these data are con- 
sistent with the reduced FLC expression during embryo development 
in elf6-5 mutants involving perturbed H3K27me3 dynamics that affect 
FLC resetting and result in the inheritance of a partially vernalized state. 

This effective impairment of the reduction of H3K27me3 levels at 
FLCleads to transgenerational inheritance ofa partially vernalized state 
(Fig. la-d). In nature, the consequences of this impairment would be 
to misalign the developmental program of the plant with respect to the 
environmental conditions. The sensitivity of FLC resetting to the reduced 
function elf6-5 allele may indicate that the requirement for H3K27me3 
demethylase activity is highest at this post-vernalization stage of devel- 
opment, potentially explaining the differences in phenotype between 
elf6-5 and the null allele e/f6-3. Functional redundancy between the three 
close homologues REF6, ELF6 and JMJ13 (AT5G46910) may also vary 
throughout development”®. It will be interesting to see whether histone 
variants that are known to change in expression during embryogenesis”® 
are also involved in FLC resetting. In most eukaryotic genomes, a large 
proportion of chromatin is decorated with H3K27me3, probably explain- 
ing why the erasure of these methyl groups is a tightly controlled event 
during development and germ cell formation”. Further characteriza- 
tion of the FLC resetting process should provide greater insight into the 
molecular mechanism underlying genome reprogramming in eukar- 
yotic organisms. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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A structure-based mechanism for tRNA and 
retroviral RNA remodelling during primer annealing 


Sarah B. Miller'+*, F. Zehra Yildiz!*, Jennifer A. Lo!, Bo Wang! & Victoria M. D’Souza! 


To prime reverse transcription, retroviruses require annealing of a 
transfer RNA molecule to the U5 primer binding site (U5-PBS) region 
of the viral genome’. The residues essential for primer annealing are 
initially locked in intramolecular interactions**; hence, annealing 
requires the chaperone activity of the retroviral nucleocapsid (NC) 
protein to facilitate structural rearrangements’. Here we show that, 
unlike classical chaperones, the Moloney murine leukaemia virus NC 
uses a unique mechanism for remodelling: it specifically targets mul- 
tiple structured regions in both the U5-PBS and tRNA”? primer 
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Figure 1 | Structure, function and NC interaction of U5-PBS. 
a, b, Secondary structures of U5-PBS (a) and tRNA?” (b) with complementary 
PBS/anti-PBS and PAS/anti-PAS sequences shown in blue and green, 
respectively. The two internal loops in U5-PBS are boxed, and the first, second 
and third high-affinity NC binding site sequences are shown in red, orange and 
yellow, respectively. The tRNA” residue numbering reflects the canonical 
numbering scheme for all tRNAs and, hence, the number 17 is omitted. c, NMR 
structure of the free U5-PBS RNA. Insets: top, zoom-in view of the sequestration 
of Uygs and *'Uj4 residues by Ujo9 and Cig of the UCUG, 19 NC binding 
site; middle, G,,9 aromatic ring is turned outside of the helix in a conformation 
poised for NC interaction; bottom, the minor, extruded conformation of Gi55 
is shown. PAS residues are sequestered by alternating G-C and G-U base pairs 
in both conformations. d, One-dimensional slice of a ‘H-'°C spectrum 


that otherwise sequester residues necessary for annealing. This high- 
specificity and high-affinity binding by NC consequently liberates these 
sequestered residues—which are exactly complementary—for inter- 
molecular interactions. Furthermore, NC utilizes a step-wise, entropy- 
driven mechanism to trigger both residue-specific destabilization and 
residue-specific release. Our structures of NC bound to U5-PBS and 
tRNA?” reveal the structure-based mechanism for retroviral primer 
annealing and provide insights as to how ATP-independent chaperones 
can target specific RNAs amidst the cellular milieu of non-target RNAs. 
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depicting the NC tail-mediated increase of the minor conformation (indicated 
by an asterisk) of the tetraloop C)2s residue. On the basis of the population 
distribution in the pre-bound state, we estimate the extruded conformation to 
have a free energy of ~1.4kcal mol’ * greater than the stacked conformation. 
e, Structure of NC bound to UCUG 1» via the zinc finger (the Trp 35 and Tyr 28 
stacking interactions are in black) showing that the protein tails can extend to 
contact the UCAG}39 tetraloop and residues in and near the (Go7A, Gi55U) 
internal loop. f, Left, secondary structures of the wild-type (WT), G110U and 
deletion mutant (DM). Right, reduction of viral infectivity is observed in mutants 
(n = 6). Error bars indicate standard deviations (n = 6 for both packaging and 
infectivity experiments). As a negative control, heat-inactivated (HI) virions 
were used for infection. A packaging assay was also done to confirm that the 
mutations do not affect genome encapsidation (see Extended Data Fig. 4g). 
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Retroviruses preferentially use specific host tRNAs as primers for the 
first step of reverse transcription; for example, human immunodeficiency 
virus requires tRNA™S?, while Moloney murine leukaemia virus (MLV) 
uses tRNA’? !”, Two distinct sequences in the tRNA anneal to com- 
plementary sequences in the retroviral U5-PBS domain to form the ini- 
tiation complex: the 3’ end of the tRNA acceptor stem anneals to the 
18-nucleotide PBS sequence’, while a portion of the tRNA TC arm base- 
pairs with a primer activation signal (PAS)*” (Fig. 1a, b). However, for 
primer annealing to occur, favourable intramolecular associations involv- 
ing both the PBS and PAS in U5-PBS and the complementary anti-PBS 
and anti-PAS sequences in tRNA must first be disrupted by NC chap- 
erone proteins. Mechanistically, all NC proteins have thus far been thought 
to function as classical, ATP-independent chaperones, using both their 
zinc-finger domain(s) and unstructured tails for this process’! (Extended 
Data Fig. 1a). ATP-independent chaperones are known to permit RNA 
molecules to access higher energy conformations and then allow refold- 
ing by rapidly dissociating from the RNA during the process’*. These 
transitory, low-affinity interactions generally necessitate the coating of 
an RNA with many molecules of chaperone’? (Extended Data Fig. 1b). In 
addition, and in contrast, to the transient interactions of NC proteins'*"*, 
the NC zinc fingers are also capable of sequence-specific, high-affinity 
binding to RNA’®. However, this mode of interaction has, until now, 
been thought to be used exclusively for the recognition of the genome 
via interaction with the -genome packaging signal during viral assembly 
(Supplementary Discussion 1). To gain insights into the mechanism of 
NC-mediated primer annealing in MLV, a prototypical retrovirus, we 
solved structures of both the genomic U5-PBS RNA and the tRNA’? 
primer, both in the free form and in complex with MLV NC proteins, 
by NMR spectroscopy. 

The free U5-PBS is a largely linear molecule capped by a structured 
tetraloop (UCAG); 39) and contains one single-nucleotide bulge (A,,) and 
two internal loops ((UCUGA, ;;, UU; 46) and (GAgg; GU 56)) (Fig. 1a, c, 
Extended Data Figs 2, 3 and Extended Data Table 1). In the absence of 
NC, the (UCUGA,,;, UU 46) internal loop maintains a distinct, folded 
configuration in which residue Cig of the NC binding site sequesters the 
5’ end of the PBS sequence (*'U,4g) via an intramolecular ribose zipper 
interaction’””* (superscript denotes the PBS position from 5’ to 3’) (Fig. 1c 
and Extended Data Fig. 3e-g). Residue Uj 99 of the NC binding site also 
base pairs with U,45, which is the first template residue read by reverse 
transcriptase. Continuous intramolecular base stacking interactions from 
Uj44to ’ G47 further serve to tether the 5’ end of the PBS inside the inter- 
nal loop. On the other side of the bulge, continuous nuclear Overhauser 
enhancements (NOEs) indicate the stacking of Ci9g with Cig and, hence, 
extrusion of residue Ujo7. Importantly, residue Gj jo exhibits a syn gly- 
cosidic torsion angle and faces the major groove, making it poised for 
interaction with NC (Fig. 1c). In the NC-bound structure, the NC zinc 
finger binds the UCUG, 19 sequence of the internal loop (dissociation 
constant (Kg) = 33 + 3 nM; Extended Data Fig. 4a) in a mode similar 
to that previously described for UCUGs9, in the MLV ‘P-genome pack- 
aging signal’? *! (see Supplementary Discussion 1 and 2). Notably, since 
NC-binding residues are initially involved in sequestering the first tem- 
plate (U,45) and the first PBS (*'U, 4g) residues, the well-defined internal 
loop structure is mutually exclusive with NC binding. Thus, NC binding 
liberates U,45 and *'Uj4¢ for primer annealing and reverse transcription 
initiation (Fig. le). 

Whereas the NC tails are not involved in binding the ‘?-packaging 
signal, in U5-PBS, the NC tails specifically remodel the (GAog, GU} 56) inter- 
nal loop and the UCAG; 39 capping tetraloop (Fig. le). In the absence of 
NC, the six PAS residues in the lower stem, + Gogg to +¢6U 194 (subscript 
with plus sign denotes the PAS position from 5’ to 3’), form base pairs 
with PBS residues (Fig. 1c and Extended Data Fig. 2a), and hence are not 
available for primer annealing. The preceding (GAgg, GU 5.) internal loop, 
however, exists in multiple conformations; in the major form, a con- 
tinuous internal stacking of all residues leads to the formation of tan- 
dem Agg—* '°G,55 and Go7—* 1'U;56 non-canonical base pairs, while in 
the minor, destabilized form, the *'°G,55 and *1'U 56 PBS residues are 
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extra-helical (Fig. 1cand Extended Data Figs 2a, 3h-j). Similarly, the cap- 
ping UCAG 3p tetraloop forms a YNMG-type structure” (Extended Data 
Fig. 3a), with the C)23 base either stacked on Aj29 or, in a small popula- 
tion, extruded from the structure (Fig. 1d and Extended Data Fig. 3c). 
Interaction with the NC tails alters the equilibria between the two con- 
formations in favour of the minor, destabilized conformations (Fig. 1d) 
and hence leads to release of the 10th and 11th (*!°G,55 and *!'Ujs6) 
PBS residues and the C;2¢ tetraloop residue. The destabilization of the 
latter is important for cooperative binding of a second NC to the tetra- 
loop (Extended Data Fig. 4a; see Supplementary Discussion 3). Thus, 
the positively charged NC tails do not globally destabilize U5-PBS but 
instead specifically target residues inherently predisposed for destabili- 
zation. Furthermore, because PAS residues immediately follow the desta- 
bilized internal loop (Fig. 1a), the NC tails also specifically perturb residues 
+1Go9; +2Gio00; and +3G10) (Extended Data Fig. 3k). Interestingly, both 
NC tails (Ala 1-Arg 17 and Arg 4—Leu 56) remain disordered, indicating 
that destabilization must occur via transient interactions that are never- 
theless residue-specific owing to the inherent accessibility of the parti- 
cular RNA residues and the orientation constraints imposed by the zinc 
finger binding to UCUG jo (Fig. le and Extended Data Fig. 31). In live 
viruses, a G110U mutant designed to liberate the U,4; and *1U, ag resi- 
dues and a deletion mutant designed to sequester them exhibited only 
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Figure 2 | Structure and NC interaction of site T1 in tRNA?”’. a, Cartoon 
representation of the L-shaped tRNA*”° structure. Dashed lines show the 
long-range elbow and base triple interactions with the D-stem loop. Solid 
lines denote the covalent linkages. b, Three-dimensional model of the free 
tRNA’? showing site T1 residues GUUGg (red) involved in intramolecular 
interactions. c, Structure of the NC-tRNA?? complex. The aromatic NC 
residues Tyr 28 and Trp 35 are shown in black. The zinc finger interaction with 
the GUUG, binding site is shown in red. The tails are excluded for simplicity 
since they form random coils and do not specifically interact with the tRNA 
(Extended Data Fig. 9f). Top inset shows a close-up of the zinc finger 
interaction, with Gs inserted into the hydrophobic pocket of the NC protein 
due to stacking interactions of Trp 35. Bottom inset shows the interaction of the 
variable loop with the core of the tRNA molecule that is maintained after 
interaction with NC-1. 
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56% and 7%, respectively, of wild-type MLV infectivity (Fig. 1f). While 
the severe infectivity defect of deletion mutant virions confirms the impor- 
tance of high-affinity NC binding in releasing the 5’ end of the PBS, the 
partial defect observed for G110U virions indicates that tail-mediated 
interactions are also required for optimal function. 

In tRNA??°, NC binding occurs first at GUUGg (site T1; 4 + 2nM) 
followed by the anticodon loop AGGG;, (site T2; 13 + 3 nM) and then the 
D-stem loop UAUG); (site T3; 834 + 343 nM) (Extended Data Fig. 4b). 
Importantly, titration of MLV NC into the human immunodeficiency 
virus (HIV) primer, tRNAs? did not lead to NMR chemical shift per- 
turbations, thus confirming the specificity of MLV NC for tRNA” (Ex- 
tended Data Fig. 1f, g; for assignment strategy of RNA"? see Extended 
Data Figs 5-8 and Supplementary Discussion 4). The structure of the 
first NC bound to tRNA” shows the zinc finger making extensive con- 
tacts with the GUUGg sequence that links the acceptor stem with the 
D-stem loop, with Gy stacking within the zinc finger pocket (Fig. 2, 
Extended Data Table 1 and Extended Data Fig. 9a). Importantly, before 
NC binding, all four GUUGg residues are involved in intramolecular 
interactions: Gg and U; are part of the acceptor stem, and Ug, and Go 
are involved in core tertiary interactions (Fig. 2a, b and Extended Data 
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Figs 6, 8a). Similar to U5-PBS, because these contacts are mutually exclu- 
sive with NC interactions, NC binding leads to major RNA remodelling 
events. First, since residues Gg and U7 are initially base paired with anti- 
PBS residues ~'°C,, and ~'' Age (superscript with minus sign denotes 
the anti-PBS position from 3’ to 5’), respectively, NC binding releases 
these sequestered anti-PBS residues (Fig. 2c and Extended Data Fig. 9b, c). 
Second, because Us and Gg are involved in core tertiary interactions via 
triple base formation with the D-stem loop (Ug:A14-A21, Go:C12—Go3) 
(Fig. 2a, b and Extended Data Fig. 8a), NC binding disrupts these core 
tertiary interactions (Extended Data Fig. 9c). As a result of this rearrange- 
ment, D-stem residues A, and Gy3, which are part of the VAUG,; site 
T3 sequence, are made partially available for the third NC binding event. 
Globally, while the helical arrangement between the T‘¥C-stem and the 
acceptor stem is lost, the helical stacking between the D-stem and anti- 
codon stem is preserved (Extended Data Fig. 9d, e), as is the variable loop 
interaction and the TYC-loop:D-loop interface (the ‘elbow’) (Fig. 2a, c 
and Fig. 3a). 

In comparison with sites T1 and T3 (see later), there isa marked mech- 
anistic difference in the remodelling activity of the NC that binds the 
second site, T2—this NC uses its tails to achieve residue-specific desta- 
bilization. After the first NC binding event, the second NC accesses the 
residual elbow structure by anchoring its zinc finger to the distal AGGG37 
sequence in the anticodon loop, with the G37 base stacking inside the zinc 
finger (Fig. 3b and Extended Data Fig. 9g). While the elbow interaction 
is maintained, the NC tails specifically perturb D-loop and T'’C-loop 
residues Gj, and Aso, respectively (Fig. 3c, d), which are in close proximity 
to each other (Fig. 3b). Prior to NC binding, these residues are extruded 
out of their respective loops and are hence available for NC interaction. 
Thus, as in the interaction with U5-PBS, the NC tails do not cause global 
destabilization of tRNA” but instead target specific, already accessible 
residues for remodelling. 

We also structurally characterized the third NC binding event using 
the tRNA?°-T1,;T2y; construct (see Supplementary Discussion 5). Our 
structures show that NC zinc finger binding to UAUG, in the D-stem 
disrupts the entire helix and, because the D-stem architecture is crucial 
for the D-loop-TC interaction, eliminates the residual elbow tertiary 
structure (Fig. 3a, e and Extended Data Fig. 9h, i). Consequently, the 
interactions between D-loop residues G;g and G9 and T'C-loop anti- 
PAS residues _ C55 and _2Uss are lost, leading to the release of these 


Figure 3 | Structure and NC interaction with sites T2 and T3 in tRNA. 
a, A portion of the two-dimensional nuclear Overhauser effect spectroscopy 
(NOESY) spectrum with H8/H1’ correlations for tRNA*’? showing the 
perturbation of anticodon residues only after titrations above 1.0 equivalent of 
NC, thus confirming the sequential binding mode. b, 1H-}3C two-dimensional 
U-labelled heteronuclear multiple quantum coherence (HMQC) spectra 
showing that whereas the U8 resonance perturbation occurs upon the addition 
of one equivalent of NC, the perturbation of D-loop-TYC signals occur only 
upon the third NC binding, thus indicating that the elbow contacts are 
maintained during the first two binding events. c, ‘'H-'°C two-dimensional 
HMQC spectra showing selective perturbation of the extruded Gy residue in 
the D-loop as evidenced by a marked chemical shift change is shown by 
asterisks. d, Regions of two-dimensional NOESY for NC complexes with 
tRNA?’ and tRNA’°-T1\,T2q. Top and middle panels show that the 
protected As7 in the TC loop is not perturbed, but the extruded Aso is affected 
upon the second NC binding. In the T1,,T2), mutant (bottom panel), NC 
binding to the third site disrupts the TWC-D-loop interaction, resulting in a 
chemical shift change for residue As7. Thus, the lack of A;7 perturbation in 
the native tRNA””° also demonstrates that the elbow region is maintained after 
the second NC binding. e, Structure of NC bound to tRNA? sites T1 and 
T2 via the zinc fingers. The structures show that the NC-2 protein tails can 
extend to contact the D-loop-T'¥C-loop elbow region. Inset shows the 
proximity of the extruded Gy, and Aso residues. For clarity, only the tails of the 
NC-2 protein are shown. f, Model of three NCs bound to tRkN A‘? (based on the 
structure of NC bound to TlyT2yy tRNA’; see Extended Data Fig. 91), 
showing the loss of the elbow tertiary interactions upon binding of the third 
NC, which leads to the release of anti-PAS sequences. For clarity only the 
zinc-finger portion of the NC proteins are shown. 
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sequestered anti-PAS residues (subscript with minus sign denotes the 
anti-PAS position from 3’ to 5’) (Fig. 3d). NC binding to site T3 thus 
serves to dismantle the residual tRNA tertiary structure before primer 
annealing. Importantly, destabilization of the D- and T'¥C-loop residues 
by the anticodon site T2 NC tails is maintained even after the elbow con- 
tacts are dismantled by the third NC binding event (Fig. 3c), prohibiting 
the freed T¥C-loop from forming an intrinsically stable structure”* (see 
Extended Data Fig. 6) and ensuring that the released anti-PAS residues 
will remain accessible during primer annealing. 

Our data demonstrate how MLV NC ‘captures’ specific portions of 
both the U5-PBS and tRNA” through high-affinity interactions with 
residues that are normally engaged in intramolecular stabilizing inter- 
actions and results in the subsequent ‘release’ of these sequestered residues, 
thereby reducing the energetic barrier for primer-template complex for- 
mation (Fig. 4). The combinations of liberated and pre-exposed residues 
within tRNA’ and U5-PBS are exactly complementary and therefore 
poised for intermolecular base pairing. Furthermore, the complemen- 
tarity of liberated sequences to regions that are already exposed in the 
counterpart RNA allows remodelling to occur with a limited number of 
NC molecules (Fig. 4). Indeed, the presence of four NC molecules is suf- 
ficient for formation of a functional U5-PBS-tRNA*”° complex (Extended 
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Figure 4 | Capture-and-release mechanism for NC-mediated remodelling of 
MLV US-PBS and tRNA®". A mechanistic model for NC zinc-finger- and 
tail-mediated remodelling via a step-wise, residue-specific release and residue- 
specific destabilization of sequestered PBS/PAS and anti-PBS/anti-PAS 
sequences in U5-PBS and tRNA", respectively. Upon NC binding to U5-PBS, 
the PBS residues *'Uj45, *'°G,55 and *!'Ujs6 are released, and the PAS 
residues + Go9, +2Gio9 and +3Gyo, are destabilized. Reciprocally, in tRNAP®?, 
NC binding to site T1 frees anti-PBS residues MC and — Age ("Age is 
already available in free tRNA*"°), and binding to site T2 and site T3 renders the 
anti-PAS residues _ Cs, -2Us55 and _3Us4 accessible for annealing. NC 
binding to the second site in U5-PBS may be important for primer extension by 
reverse transcriptase (RT) since stem loops with stable tetraloops have been 
shown to stall reverse transcription. 
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Data Fig. 4c, d). Importantly, because the NC binding sites are perfectly 
positioned in close proximity to, but not overlapping with, the RNA- 
annealing sequences, subsequent dissociation of NC from the annealed 
complex is not required”. In fact, the presence of NC has been shown 
to be important for the elongation step of reverse transcription”. 
In addition to defining previously undiscovered roles for high-affinity 
NC binding events in the retroviral lifecycle, our study has implications for 
the location, timing and specificity of primer annealing (see Supplemen- 
tary Discussion 6). Like MLV NC, some other RNA chaperones and 
remodellers bind with high affinity to their substrates; however, they typ- 
ically require the input of additional energy for subsequent dissociation”. 
The MLV NC-mediated capture-and-release mechanism described here 
is distinct from mechanisms used by other known ATP-independent 
RNA chaperones**”’: During the capture-and-release RNA remodel- 
ling, NC uses high-affinity interactions to bind a limited number of sites 
with high specificity. Furthermore, unlike typical chaperones, which cause 
global destabilization to allow access to higher energy conformations, the 
mechanism of NC-mediated remodelling in primer annealing involves 
the formation of stable, lower energy complexes with RNA that cause stra- 
tegic local destabilization of the regions important for annealing. Con- 
sistent with this, the thermodynamic analyses of all U5-PBS-NC and 
tRNA"’°-NC interactions show high binding affinities with entropically 
driven profiles (see Supplementary Discussion 7). This entropy-driven, 
capture-and-release remodelling thus represents the first example, to 
our knowledge, of a new mechanism by which RNA chaperones can spe- 
cifically select their specific targets from a sea of cellular RNAs. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Structural approach 


The field of materials science is working to broaden the range of people it attracts. 


BY LEIGH KRIETSCH BOERNER 


report on diversity says that by far the 
A™ PhDs in materials science in the 

United States go to white men. This 
group also receives more and better mentor- 
ing than do female doctoral students or those 
from other ethnic groups. The report recom- 
mends that universities and federal agencies 
work to boost enrolment of graduate students 
from minority groups and improve their men- 
toring, and initiatives and programmes have 
already popped up around the country that 
aim to equalize the playing field in the dis- 
cipline. 

The report, Ethnic Diversity in Materials 
Science and Engineering, released in Septem- 
ber by the US National Science Foundation 
(NSF), is an outgrowth of a symposium in 
2012 on the state of diversity in the field. Spon- 
sored by the NSF and the US Department of 
Energy, among others, the symposium found 


that gender and racial bias continue to affect 
education and workplace practices. The report 
was released almost two years after the work- 
shop because it included contributions that 
took time to collect and organize, says Justin 
Schwartz, who organized and chaired the 
2012 symposium and is head of the materials- 
science and engineering department at North 
Carolina State University in Raleigh. 

Yet efforts are under way to mitigate bias 
and its effects in the field. Olivia Graeve, a 
materials scientist at the University of Cali- 
fornia, San Diego (UCSD), launched a small- 
scale research-education venture in 2012 for 
Latino high-school students from San Diego 
and Mexican students from Tijuana. The 
programme, called REACH, aims to moti- 
vate these students to attend university, and 
is run between their third and final years of 
high school. Participants live in the UCSD 
dorms for seven weeks while doing research 
in Graeve'’s and other faculty members’ labs. 


The first class drew five students. The 
second attracted 20, and next summer she 
expects 40, even though the programme is 
advertised only on its website (go.nature. 
com/bv3qzp ). “For many of the students, this 
summer of research had an impact in choice 
of major, and also in choice of university,” she 
says, especially for Mexican students who 
hope to come to the United States. Funding for 
her venture comes from the NSF, the UCSD 
chancellor’s office and from her own start-up 
package. 

Graeve says that she was fortunate to have 
received a great deal of support as an under- 
graduate, both in mentoring and in research 
opportunities, and was lucky to have a great 
mentor during her PhD at the University of 
California, Davis. 

She has always felt that she and her research 
were sought after and respected wherever she 
has been studying or working, including San 
Jose State University in California; the > 
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> University of Nevada, Reno; Alfred Univer- 
sity in New York; and the UCSD. She says that 
she had never personally encountered overt 
discrimination or felt disadvantaged in her 
field even though she is a woman and a Latin 
American. “I have always been very optimis- 
tic, and I tend to have blinders on about this 
type of thing. I don’t notice subtle things, and 
discrimination tends to be subtle,” she says. 

Nonetheless, Graeve knew that bias existed, 
and came face to face with it once. “At one 
point in my career, somebody said I got hired 
because I was a Latina, and I said, ‘So what?” 
So she started to think about ways to combat 
such opinions and had come up with the idea 
for her initiative before she attended the sym- 
posium in 2012. The symposium helped her 
to develop concrete ideas for implementing 
it, however. 


STRONG APPROACH 

More formally, the Partnership for Research 
and Education in Materials (PREM) pro- 
gramme is trying to boost diversity in materi- 
als-science research and education and close 
the mentoring gap. Launched in 2004 by the 
NSF and the worldwide Materials Research 
Society, PREM matches undergraduate and 
high-school students with graduate pro- 
grammes throughout the United States for 
a variety of activities, including summer 
research projects, poster sessions, lectures and 
networking opportunities. 

Yves Chabal and Magaly Spector of the 
University of Texas at Dallas have brought 
undergraduates who have gone through PREM 
into the university's materials-science gradu- 
ate programme. They launched an outreach 
initiative this year with Xavier University of 
Louisiana in New Orleans, a historically Afri- 
can American university that does not have 
graduate programmes in the sciences, to bring 
its students to Dallas. Asa result, the initiative 
has already drawn two more graduate students. 

Spector, assistant to the president of strate- 
gic initiatives anda 
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she sets up mentor- 
ing programmes 
that bring students 
together with graduate institutions. She and 
Chabal, who heads the university’s materials- 
science and engineering department, have 
also created the Young Women in Science and 
Engineering Investigators Program, another 
initiative that resulted from the diversity work- 
shop. The venture targets girls from the Dal- 
las area, where many students struggle to find 
the funds to attend university, who are in their 
third or fourth year of high school. “These are 


awareness.” 


Magaly Spector (second from left) was involved in setting up a programme for young women in science. 


very motivated students,” Chabal says, “with 
no exposure to research. Some of them haven't 
even thought of going to college” 

Teams of girls choose research projects 
and are paired up with graduate students 
and postdocs. They then work on these pro- 
jects over the academic year and finish with 
a poster presentation. The three teams who 
perform best receive partial scholarships to 
the university. This is the programme’s third 
year, although so far none of the winners have 
gone on to the university — they were sen- 
iors at the time, and had already made col- 
lege plans. This year, 51 girls, mostly in their 
third year, are participating; of these, 9 will 
win scholarships. 

The NSF report incorporates results from 
a survey conducted at the symposium that 
aimed to find out what is blocking students 
from minority groups from starting careers in 
materials science. The results reveal a striking 
difference in the type and amount of mentor- 
ing that students from minority groups receive 
compared with white men. For example, 
students from minority groups are less likely 
to be introduced to other researchers in the 
field by their advisers at conferences; they also 
receive less encouragement from advisers, fac- 
ulty members, lab heads or department chairs, 
for example, to submit their research — in 
short, the sorts of practices that help to smooth 
a student's path into professional development, 
which can help to lead into a successful aca- 
demic or industrial career. 

The report found that in 2011, white people, 
and in particular white men, overwhelmingly 
earned the highest proportion of materials- 
science PhDs in the field, at 60% and 76%, 
respectively. Asians, the most successful 
minority group, earned around 14% of the 
PhDs. Degrees were rarely awarded to African 
American or Hispanic students, at around 3% 
each. Women get about 24% of the PhDs. 

Schwartz helped to organize the symposium 
as a way to identify diversity issues at the 
graduate level. “There really hasn't been that 
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much progress made at the higher levels [of 
education],” he says. “I thought there was a 
need to come at it from a different perspective” 

Although the report incorporates input 
from materials-science researchers and 
students from minority groups, it does not 
provide suggestions for responding to or 
countering any bias or discrimination that 
they might encounter during training or in 
the workplace. 


SELF-AWARENESS 

Materials scientists at all levels need to try to 
become more aware of their biases, especially 
unconscious ones, the report recommends. 
“This is easy to say, not easy to do,’ says Eve 
Fine, a researcher and workshop developer at 
the Women in Science and Engineering Lead- 
ership Institute at the University of Wiscon- 
sin—Madison. That awareness is the first step 
to overcoming biases, she says. A second step 
is to replace the bias with a counterpoint: for 
example, when someone hears someone say 
that women are not good at maths, that per- 
son should think of a woman who is very good 
at maths. 

An online quiz (https://implicit.harvard. 
edu/implicit) can help people to learn to rec- 
ognize their unconscious biases, and that is the 
first step to dissolving them. Even consider- 
ing gender and race when hanging pictures 
on an office wall or posting on a department 
web page can help to combat implicit bias, Fine 
says. 

Although these activities can boost 
awareness of biases, the road to equality in the 
sciences is along one, Fine concedes. “If you're 
at an institution that does not even believe 
that bias plays a role, it’s a giant step to develop 
awareness,’ she says. But she believes that 
incremental improvement is taking place. “It’s 
not going to be two years and the problem goes 
away. But I think we are seeing progress.” m 


Leigh Krietsch Boerner is a freelance writer 
in Bloomington, Indiana. 
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ICE AND WHITE ROSES 


BY REBECCA BIRCH 


said, sliding an arthritis-clawed finger 

over a velvety red petal. The diamond 
in her wedding ring caught a sunbeam, cast- 
ing a fractured rainbow onto the smooth 
face of the young woman sitting in the chair 
facing her. The woman’s expression was 
guarded, her hands clenched in her lap. She 
perched on the front edge of the chintz- 
covered chair as if she were preparing to bolt. 

The rainbow slid across her turned-down 
lips. 

Maria sighed and set the bouquet of red 
roses on her side table next to the digitally 
timed pillbox. “It’s kind of you to bring 
them.” 

The young woman leaned back a bit. 
“Mum said that you liked roses.” 

“Oh?” Maria asked, brightening. “Who is 
your mother? Do I know her?” 

A frown furrowed the young woman’s 
brow. “My mother was Sigrid Jonsson. Your 
daughter.” 

Maria blinked. Where was Sigrid? Shed 
last seen her ... digging worms in the back 
garden. It had been a long time since Maria 
had checked on her and the child didn’t 
always remember to stay out of the green 
beans and lettuce. “Will you excuse me?” she 
asked, reaching for her cane. “I need to be 
sure Sigrid’s not uprooting the vegetables.” 

The young woman touched the back of 
Maria's hand. “Wait,” she said. “I just came 
in. Everything was fine outside. Nana, 
please.” She swallowed and her fingers 
pressed just a bit harder. “We need to talk” 

A sharp constriction pulled at Maria’s 
chest. Her eyes flashed to the cryopreserver 
on the mantel, displaying her wedding bou- 
quet of white roses. “Is it about Harry? Has 
there been word?” 

She never should have agreed to let him go. 
Just a brief exploratory mission, he'd said. I'll 
be back before you know it. The white roses 
had barely begun to crystallize. She hadn't 
even known she was pregnant when he left. 

“No, Nana,” the woman said. “There's 
been no word. It’s about what we talked 
about the last time I was here.” 

She'd been here before? Maria squinted, 
looking for any familiarity in the soft 

face framed by pale 


¢C C [= preferred white roses,” Maria 


D> NATURE.COM curls. “I’m sorry, 
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A distant memory. 


The woman squeezed the bridge of her 
nose and blinked away a bright sheen in her 
eyes. “I’m Margaret, Nana, and I need you 
to try to focus.” 

Focus. That was how the government 


scientists had 
tried to explain it. 
A never-before- 
observed phenom- 
enon in the vast nothingness between the 
orbits of Jupiter and Saturn, funnelling the 
faint rays of the Sun into a vortex. Nota black 
hole. Inexplicable. Harry’s ship, the Kennedy, 
had reported launching exploratory probes, 
then had never been heard from again. 

But he'd be back. He'd sworn it by the 
ice-crusted roses waiting to be thawed and 
spread over their graves when they both had 
passed beyond. His homing beacon, hed 
called it. His lodestone. 

“Do you remember what we talked 
about?” 

Maria blinked away the blur of tears that 
had formed in her eyes and tried to concen- 
trate. This nice young woman had brought 
her flowers. She owed her the courtesy of 
trying. The light touch on the back of her 
hand felt familiar. Conjured a wisp of mem- 
ory. The same low voice. The words... 

“You want me to come with you,’ Maria 
breathed. “Somewhere far from here.” 

“Yes. Good. That’s right.” 

Maria opened her eyes. “I’m not leaving.” 

“IT know you feel comfortable here, Nana,’ 
the young woman said, tucking a curl 
behind one ear with her free hand, “but I’ve 
been offered a position at the Mars habitat 
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ring. It’s what I’ve wanted all my life. P'll be 
involved in research I couldn't even consider 
here on Earth.” 

Maria shook her head, chewing on her 
lower lip. 

“There are good facilities there. They'll be 
able to take excellent care of you —” 

“No,” Maria said. “Sigrid is happy here. 
And when Harry returns, this is where he'll 
look for me.” 

“Mars is closer to the anomaly,’ the young 
woman said, leaning close. Her breath 

smelled of cinnamon, the sharp scent over- 
whelming the soft odour of the roses. “If 
that’s where grandfa — Harry — is, you'll 
be closer to him” 
“Tve told you, ’'m not leaving. Now 
please, Sigrid will be in soon and she'll be 
wanting her lunch.” Maria turned her body 
pointedly away. 

The woman sighed, then gathered up her 

handbag and rose to her feet. “I wish youd 
come of your own volition, Nana, but you 
need to know that the courts have named 
me your legal guardian. You'll be coming 
with me...” 

Maria gazed at the decorative cryopre- 
server, and the womans voice faded into 
a low drone at the edge of her awareness. 
From the surface of the curved glass, she saw 
Harry’s eyes gazing out at her, as they had 
since the moment the Kennedy lost contact. 
They looked different from what she remem- 
bered. When had those wrinkles appeared 
around the edges? Why did he look so sad? 

The door closed behind the young woman 
with a muted thud. 

Groaning, Maria struggled to her feet, 
leaning heavily on her cane, and crossed to 
the mantel. She touched the curved glass, 
just above her husband’s brow. “Hurry 
home, my love,” she whispered. “Sigrid and 
I will be waiting” 

Moisture glimmered in the corner of his 
eye. His lashes touched the skin ofher palm, 
whisper-soft. 

The pillbox chimed and Maria turned 
away. The room smelled of roses and cinna- 
mon. She swallowed her pills, then touched 
the bouquet beside the box, wondering 
where it had come from. 

“Talways preferred white roses,’ she said. m 


Rebecca Birch is a Seattle resident who has 
been published in markets including Nature, 
Grantville Gazette's Universe Annex and 
Penumbra eMag. You can find her online at 
www.wordsofbirch.com. 
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to big trouble. That is the problem faced by the 170,000 

people globally who have the bleeding disorder known 
as haemophilia. A genetic mutation (usually inherited) 
suppresses the production of proteins that make blood 
coagulate (see page S158). Internal bleeding into the joints 
causes bone degradation and excruciating pain (S170), and 
even mild injuries can be life-threatening. 

The standard therapy is frequent infusions with 
blood-clotting promoters. These treatments are 
uncomfortable and expensive, so it is welcome news that 
several longer-lasting clotting factors have been developed 
(S162). Many people develop an immune resistance to these 
infused factors, but relief may be on the way in the form of 
anti-inhibitory pills made from plants (S166). Development 
of these pills depends on colonies of haemophilic dogs that 
serve as cooperative test subjects (S172). 

Clotting-factor infusions treat symptoms of haemophilia, 
but gene therapy could provide a cure (S160). Research is also 
moving ahead on an alternative treatment strategy to remove 
or disable the body’s anticoagulants (S168) rather than adding 
clotting factors. 

The haemophilia community is still haunted by the 
traumas of blood supplies that were contaminated with HIV 
and hepatitis C. These experiences have led to reluctance to 
accept the good news that may soon be on offer, says medical 
historian Stephen Pemberton (S165). 

To maximize its impact, this Outlook is being published in 
both Nature and Scientific American. 

We are pleased to acknowledge the financial support of 
Baxter Healthcare Corporation in producing this Outlook. As 
always, Nature has sole responsibility for all editorial content. 
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BORN IN THE BLOOD 


People with the inherited bleeding disorder haemophilia lack factors that cause the blood to clot. The disease 
affects thousands of people around the world and has even played a part in historic events. By Neil Savage. 


COAGULATION CASCADE 


When damage occurs to blood vessels, 
exposure of the blood to collagen 
in the cell walls and material 
released by the cells triggers the 
activation of clotting factors. One 
actor activates the next factor in 
a series of events (some 
not depicted here) that 
eventually produces 
ibrin. Fibrin forms a 
mesh to hold together 
a plug of platelets to 
orm a clot (platelets 
are a type of cell that 
circulates in the blood 
0 help coagulation)’. 


A // 


In healthy blood, the clotting factors work 
together and eventually bleeding stops. 


In haemophilia, either factor VIII or IX is missing, the 
cascade is interrupted, and bleeding continues. 


MISSING FACTOR IX 
= HAEMOPHILIA B 


About 20% of cases”. 


HAEMOPHILIA B 


0% 


HAEMOPHILIAA 
80% 


atueast 172,000 MISSING FACTOR VIII 
PEOPLE WORLDWIDE = HAEMOPHILIA A 
HAVE HAEMOPHILIA About 80% of cases’. 
OF ALL THE PEOPLE WITH HAEMOPHILIA... TREATMENT TIMELINE = —Abcuit two-thirds of tne 


world’s population lacks 
access to prophylaxis 
with clotting factors 
ky because the cost of 

0 treatment is too high. 
Have mild haemophilia 
(clotting factor levels of 6-30%)* 
Bleeding only after serious injury, 
accidents or surgery. Heavy 1840 
menstrual bleeding in women. 


60% 


Have severe 
haemophilia 
(clotting factor in 
the blood is less 
than 1% of the level 
in normal, healthy 
people)® 

Bleeding after 


Median age at diagnosis is 36 
months, though it is often not 
diagnosed until after a serious injury. 


15% 


Have moderate haemophilia 1840s 


injury, spontaneous (clotting factor levels of 1-5%)° First blood transfusions for bleeding episodes. 
bleeding, risk of joint Bleeding after injury, some 

damage. Median age spontaneous bleeding, risk of joint 

at diagnosis is damage. Median age at diagnosis is 

one month. eight months. 
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THE ROYAL DISEASE 


Queen Victoria became a carrier of haemophilia 
through what is believed to have been a 
spontaneous genetic mutation’. 


Queen Victoria Prince Albert 
1819-1901 1819-1861 


Victoria passed it on 

to one son, who died 

of bleeding, and two L |_| 
daughters. Victoria Edward VII 


Alfred Helena Louise Arthur 


Ludvig IV 


Alice Leopold Beatrice 
1843-1878 1853-1884 1857-1944 


Haemophilia spread throughout European royalty, 
including Victoria’s great-grandson, Alexei Romanov, 
son of the last Russian tsar, Nicholas II. 


The ‘mad monk’ Rasputin claimed to be able to treat 
Alexei’s haemophilia, and his influence with the tsar’s 
family is credited with contributing to the Russian 
revolution. 


Nicholas II 
of Russia 


=S 
= | 
In 2009, DNA tests on Alexei’s remains showed that Alexandra 
Victoria carried haemophilia B. 1872-1918 


Alexei 
1904-1918 


INHERITANCE PATTERN 


oO Does not have haemophilia 
The mutations causing haemophilia are carried on the X chromosome. Woman are usually carriers, with a 50% chance of having 


HULTON/GETTY; THE PRINT COLLECTOR/GETTY; IMAGEPAST/ALAMY; FINE ART IMAGES/HERITAGE IMAGES/GETTY; HERITAGE IMAGE PARTNERSHIP LTD/ALAMY 


sons with haemophilia or daughters who are carriers. Men with haemophilia will have no sons who are haemophiliacs, but all their O Carrier of haemophilia gene 
daughters will carry the gene. In rare cases, female carriers or girls with both X chromosomes affected will have haemophilia; ial Has haemophilia 
fewer than 10% of cases occur in females. Approximately one-third of cases arise from spontaneous mutation’. 

Mother is a carrier Father does not have Mother is not oO © Father has 

of the haemophilia haemophilia XY a carrier of the pale 

gene XX haemophilia 
gene XX 
50% chance daughters Q @ 50% chance 100% chance Q Q 0% chance sons will 
will be a carrier of the sons will have daughters will be a inherit haemophilia XY 
haemophilia gene XX haemophilia XY carrier of the 
haemophilia gene XX 


An estimated 40,000 haemophiliacs worldwide The cost of prophylaxis 
were infected with HIV, including 70-90% of treatment could 00 00 

those with severe haemophilia®. 40 000 reach $300,000 $ ph 0 

q per child per year’. 


1950s-1960 1970 1989 
Fresh frozen plasma Freeze-dried clotting Genetically engineered factor 
requires large volume factors allow home- VIII, no risk of HIV or hepatitis Future 
1900 transfusions based prophylaxis 2000 Gene therapy 
7 Oe ee ee tt ttt tt ttts 
1997 
Mid-1960s Genetically 
Cryoprecipitate (a engineered factor IX 
concentrate of blood 1970s-early 1980s 1987 2014 
1923 components made from Haemophiliacs contract Heat-treated factor VIII First extended- 
First use of plasma frozen plasma) allows smaller hepatitis and HIV from reduces risk of blood-born life clotting 
replacement therapy transfusions blood products pathogens factors approved 


References: 1. Pipe, S. W. (Ed.) The Hemophilia Report (2014) available at: www.hemophiliareport.com 2. 2012 World Hemophilia Foundation Survey, covering 91% of the world's population; 3. US National Hemophilia 
Foundation 4. Rogaev, E. |. et al. Science 326, 817 (2009). 5. US Centers for Disease Control and Prevention 6. Starr, D. Blood: An Epic History of Medicine and Commerce, p346, Harper Perennial (2000). 7. Manco-Johnson, 
M.A. et al. N. Engl J. Med. 357, 535-544 (2007). 


27 NOVEMBER 2014 | VOL 515 | NATURE | S159 
© 2014 Macmillan Publishers Limited. All rights reserved 


| OUTLOOK | HAEMOPHILIA 


GENE THERAPY 


Genie in a vector 


Repairing the faulty genes that cause haemophilia could 
ultimately cure the disease, but it will be a tough challenge. 


BY JULIE GOULD 


artin never learned to ride a bike, 
Me not play football with his 

friends and wore a crash helmet 
when playing in the garden, just in case he 
bumped his head. His parents had good 
reason to be protective: his severe haemo- 
philia B meant that the gentlest touch could 
lead to a serious, debilitating bleed. “It’s very 
frustrating, growing up with haemophilia,” 
says Martin. “You want to be like the other 
kids, but you can’t” 


Asa result of an inherited genetic mutation, 
people with haemophilia B lack a protein called 
factor IX that is crucial for forming blood clots 
(see page S158). Currently, patients are treated 
several times a week with infusions of a con- 
centrated version of the protein. This stops the 
bleeding, but it does not address the underlying 
cause of the disease nor does it fully remove its 
debilitating symptoms. 

A few years ago, Martin had to stop his work 
as a truck driver. “I was letting the company 
down because I couldn’t make it into work,” he 
says. “The bleeding into my joints had made 
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it very painful for me to move.’ In 2011, after 
37 years of pain and joint degeneration caused 
by internal bleeding, Martin signed up fora 
clinical trial of a gene-therapy treatment at the 
Royal Free Hospital in London, hoping that it 
would provide some relief. 

Rather than infusing functional clotting fac- 
tors, the therapy aims to get the body to create 
its own. DNA with a functional factor IX gene 
was bundled into the molecular wrapper ofa 
virus — known as AAV8 — then shuttled into 
liver cells, where factor IX is normally made. 

Of the six patients who enrolled, four were 
able to discontinue their infusion treatments 
after the therapy’. Martin was one of them: his 
factor IX levels increased significantly, taking 
him out of the severe haemophiliac range and 
into the moderate group. His clotting factor 
levels have remained stable ever since. 

The success was a crucial stepping stone 
for Edward Tuddenham, emeritus professor 
of haemophilia at University College London, 
who led the clinical trial. He wants to find a 
treatment not just for haemophilia B but for the 
much more common haemophilia A — but that 
is turning out to bea challenge. 


FREEDOM OF EXPRESSION 

The viral vehicle AAVS8 is ideal for treating 
haemophilia B, but it works less well for hae- 
mophilia A. This is because the DNA encoding 
the clotting factor that is missing in the latter — 
factor VIII — is about six times larger than for 
factor IX, so it doesnt fit into AAV8. To make 
it fit, researchers often cut 4,500 base pairs out 
of the factor VIII gene sequence. The section 
they delete encodes a specific region of the 
protein — called the B-domain — that ensures 
efficient secretion of factor VIII. In its place, 
Tuddenham and his colleagues tried inserting 
a DNA sequence that is one-fiftieth of the size, 
but has the same function. But in a 2010 study of 
haemophiliac mice, these B-domain-modified 
treatments did not increase the level of factor 
VIII expressed in the blood’. Since then, Tud- 
denham has not only been trying to fix the 
gene but also to improve its expression. 

The rate at which the factor VIII gene pro- 
duces its protein is affected in part by the place- 
ment of the triplets of DNA bases — codons 
— that dictate where translation of the genetic 
material into protein should start and stop. The 
start and stop codons in the DNA sequence of 
anormal mouse or human factor VIII gene, 
did not promote vigorous protein production. 
“So we replaced them with better ones,” says 
Tuddenham. When that was done, expression 
levels in a mouse model of haemophilia went 
from about 2% of that found in healthy mice 
to about 2,000%. The increase produced by 
the codon optimization was “enormous, truly 
stunning’, he says. 

In 2015, Tud- 
denham and his 
team hope to lead 
trials to test safety 
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and efficacy of their optimized factor VII 
gene therapy for people with haemophilia A. 
The number of people in the trials is likely to 
be between 10 and 20, but even if the factor is 
expressed effectively in humans, there are still 
hurdles to overcome. 


DELIVERY ON A PLATELET 

One hurdle is that AAV8 can be administered 
only once, because the virus triggers a strong 
immune response. “After one treatment with 
AAV8, you can’t ever have a repeat dose. You 
are immunized against it,” says Tuddenham. So 
although gene therapy could be a one-off cure, 
if the immune response is triggered before the 
therapy reaches the target, it is useless. 

David Wilcox at the Children’s Hospital of 
Wisconsin Research Institute in Milwaukee, 
hopes to get around this problem by using the 
body’s own cells to deliver factor VIII. He is 
developing a way to insert functional factor 
VII into structures called a-granules, which 
are found inside blood cells called platelets 
(see image, right). Platelets are the first cells 
to arrive at a wound site, where they rapidly 
begin to help form blood clots by releasing 
chemical messengers. Wilcox is working on 
modifying platelets to also release function- 
ing factor VII. “This removes the problem of 
having AAVs and factor VIII proteins float- 
ing around the rest of the body,’ says Wilcox, 
“thus avoiding any 


immune reactions.” “UTZ? ° 

First, however We've still gota 
Wilcox has im ie lot to learn about 

"gene editing in 
vest blood stem cells - nie pean 
from the patient. He b 8 
uses growth factors os a ss even 
to coax stem cells c m al out 
in the bone marrow trying it li adult 
humans. 


out into peripheral 
blood vessels, where 
they can easily be collected. The stem cells, 
which make up 2-5% of the peripheral blood 
sample, are then separated out in a procedure 
called peripheral blood stem cell apheresis 
and undergo gene therapy so that they con- 
tain the working factor VIII. The patient then 
has chemotherapy to partially suppress their 
existing bone-marrow stem cells before receiv- 
ing a transfusion of the engineered stem cells 
into the blood. These cells find their way back 
to the bone marrow, where they will eventu- 
ally produce platelets that contain functioning 
factor VIII. 

In 2013, Wilcox tested the procedure on 
three dogs with severe haemophilia A, using 
a human factor VIII gene — and two of the 
dogs no longer require the usual treatment 
with infused factor VIII’. As predicted, none of 
the dogs showed signs of developing antibod- 
ies to the human factor VIII proteins — when 
the dogs received a cut, blood clots formed 
faster than they had without the gene therapy. 
“We think that the factor VIII is secreted from 
the platelets so quickly at the trauma site that 


a-granule 


Factor VIII ¥ 
blood-clotting 7 
protein 


Researchers are modifying platelets to release 
factor VIII from a-granules at the site of injury. 


the immune system does not have time to 
react before the factor VIII can start repair- 
ing the vascular injury,’ says Wilcox. Like 
Tuddenham, Wilcox’s team hopes to start 
clinical trials inext year. 

But even if platelets can offer an alterna- 
tive delivery vehicle, it could be an unpleasant 
one for patients. “I think they have a viable 
approach for patients with antibodies to AAVs 
or those affected by HIV and hepatitis,” says 
Tuddenham, “but the doses of chemotherapy 
treatment before the stem-cell transplant aren't 
a walk in the park”. 


CORRECTING IN PLACE 

So far, gene-therapy trials have focused on 
adults with the disease, but haemophilia is 
an inherited disease, affecting a person from 
birth. Unfortunately, the technique is not a 
viable option for children. Ifa child’s liver were 
to be infused with factor VIII genes introduced 
through AAV, there would be an initial increase 
in the levels of clotting factor in the blood, as 
with the adults in Tuddenham’s 2011 trial. But 
as the child grows, the expression levels would 
decrease when new liver cells are produced 
without the functioning factor VIII gene are 
produced, says haematologist Katherine High, 
at the Children’s Hospital of Philadelphia in 
Pennsylvania. 

In theory, Wilcox’s method might work in 
children because the functional clotting-fac- 
tor genes have been integrated into the stem 
cell's genome and will be passed on to daugh- 
ter cells. In practice, however, no responsible 
physician would expose an infant or child with 
a non-lethal disease such as haemophilia to 
chemotherapy. 

A promising way to avoid these problems is 
in vivo genome editing, in which mutant genes 
are corrected in situ rather than replaced. This 
could potentially work at any age — but the 
earlier in life such a treatment is available, the 
better, as the benefit would be lifelong. 

Conceptually, this approach is as simple 
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as setting up a biological tool to cut out the 
mutated area of the genome, then another to 
insert a corrected template, says Merlin Crossley 
of the University of New South Wales, Sydney, 
Australia. Crossley sees gene-editing therapies 
as the best potential tool for curing haemophilia. 

This could be particularly beneficial for 
children: as the liver grows, the new daughter 
cells would contain the functioning clotting- 
factor gene. The clotting factor would then 
be recognized as part of the body, and could 
ultimately eliminate the child’s haemophilia. 
“The replacement template is cloned from 
healthy patients and wouldn't be attacked by 
the immune system because it isn’t considered 
as foreign,’ Crossley says. 

A 2011 study in mice* by High provided 
strong evidence that genome editing is a viable 
option. Immediately after birth, one set of mice 
was given Tuddenham’s style of gene-transfer 
therapy; a second set was given the genome- 
editing treatment. High discovered that the 
levels of functioning clotting proteins in mice 
receiving the genome-editing treatment stayed 
high even after a portion of their liver was sur- 
gically removed; in the mice receiving gene 
therapy, by contrast, factor levels decreased. 
“This is the advantage of this treatment, espe- 
cially for children,” says High. 

Genome editing has to be precisely targeted 
to the mutation to be repaired, and the sheer 
number of mutations for haemophilia A — 
more than 2,000 — makes this a challenge. 

Both High and Tuddenham believe that 
in the short term, genome editing is not the 
answer. “The gap between proof-of-princi- 
ple experiments in mice to clinical trials in 
humans for gene-transfer therapy was 14 
years, says High. “And we've still got a lot 
to learn about gene editing in large animals 
before we even think about trying it in adult 
humans, let alone infants.” 

Having his haemophilia reduced to a 
moderate level has improved Martin's qual- 
ity of life tremendously. He has needed the 
standard infusion treatment fewer than ten 
times since the gene therapy, and says that 
“only one of those occasions was a serious 
bleed”. He says that signing up for the trial 
was not an easy decision, because there were 
not any other similar trials on which to base 
his decision. But he believes that his successful 
experience should help to encourage people 
to participte in future studies. “You go from a 
position of knowing what you are, how you are 
and how to deal with it, to a position of com- 
plete uncertainty,’ he says. “So I hope that the 
uncertainty is reduced for other patients when 
they hear about our experiences.” m 


Julie Gould is the editor of Naturejobs. 
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CLOTTING FACTORS 


Stretching time 


Extending the life of clotting factors may improve quality of life for people with haemophilia. 


BY NEIL SAVAGE 


haemophilia, the diagnosis comes with 

both good and bad news. The good news 
is that the child, at least if he (or rarely, she) 
is born in the developed world, can expect a 
near-normal lifespan, up froma mere 20 years 
in 1970. The bad is that the parents must teach 
themselves to find their child’s veins, insert a 
needle and infuse him with a clotting factor 
to replace what he lacks. Parents must infuse 
a toddler as often as every other day, and chil- 
dren with haemophilia will have to continue 
that treatment for the rest of their lives. 

But treatment is getting easier. Down the 
road, gene therapy and other approaches 
look likely to bring longer-term treatments 
for patients with the rare bleeding disorder. 
For now, improvement in treatment lies in 
the emergence of new, longer-lasting replace- 
ments for the blood-clotting factors missing 


F: the parents of a child born with 


from the blood of people with the condi- 
tion. These therapies could stretch the time 
between infusions to days or even weeks. The 
first two such treatments were approved by 
the US Food and Drug Administration (FDA) 
earlier this year, and more are in the pipeline, 
with some expected to be approved in 2015. 
As these therapies emerge, dealing with hae- 
mophilia will become less troublesome (see 
‘Drugs to help the blood’). This could increase 
compliance with treatment, reduce complica- 
tions — and perhaps even allow some people 
to live almost as if they were free of the disease. 

Replacing the clotting ability lacking in 
haemophilia has been the treatment since the 
1840s, when attempts were made to treat peo- 
ple with the disease by transfusion with whole 
blood from people with normal clotting. By 
the end of the 1960s, freeze-dried concentrates 
of clotting factors were available for home use, 
to prevent spontaneous bleeding. In the 1990s, 
treatment leapt forward again, with donated 
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Boys with haemophilia receive a blood-clotting factor by intravenous injection (also referred to as an infusion). 


plasma being replaced by clotting factors 
manufactured through recombinant DNA- 
technology, eliminating the transmission of 
viral diseases that had devastated the haemo- 
philiac community in the 1970s and 1980s. 
But prophylactic treatment still has its prob- 
lems. The clotting factors do not last very long 
in the body. Depending on the person, the 
amount of factor VIII — the protein missing in 
haemophilia A — in the bloodstream drops by 
half in a mere 8-12 hours. Factor IX — which 
people with haemophilia B lack — lasts longer, 
18-24 hours. Those short half-lives mean that 
most people with haemophilia must trans- 
fuse themselves every two or three days. And 
inserting a needle directly into a vein can be 
difficult. “Adherence to therapy is not great, 
because you have to inject yourself, and it’s 
a hassle,” says David Lillicrap, a professor of 
pathology and molecular medicine at Queen's 
University in Kingston, Ontario, Canada. 
One 2001 study suggested that up to 40% of 
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people with severe haemophilia do not follow 
the prophylactic schedule’. Those people are 
more likely to develop spontaneous bleeding 
that causes joints to fill with blood and results 
in progressive damage similar to arthritis. 
They can also develop intracranial bleeding, 
which can cause brain damage and even death. 

Drug companies have responded with 
clotting factors that last longer, making the 
time between infusions greater. Biogen Idec, 
based in Cambridge, Massachusetts, has two 
such factors approved by the FDA this year. 
Eloctate, for haemophilia A, was approved in 
June and is recommended for an initial infu- 
sion once every four days, with a physician 
adjusting that up to five days or down to three 
as appropriate. Alprolix, the company’s treat- 
ment for haemophilia B approved in March, 
promises infusions once a week, and perhaps 
every ten days or two weeks in some patients. 
Other versions of the clotting factors from 
other drug developers are showing similar 
extensions of lifetimes. 

“It's a big improvement,” says Timothy 
Nichols, a cardiologist and pathologist who 
studies haemophilia at the University of North 
Carolina at Chapel Hill. “Tt’s not no treatment, 
but it is a lot easier than sticking a needle in 
your kid three times a week” 

Steven Pipe, a paediatric haematologist at 
the University of Michigan’s C. S. Mott Chil- 
dren’s Hospital in Ann Arbor, agrees that the 
progress is significant. In particular, work 
that is stretching the lifetime of factor IX by 
three to five times is “really transformative’, he 
says. And because half-lives can vary between 
patients, “at high doses, you could probably in 
some individual cases get a month’s worth of 
factor IX,’ Pipe says. 


BORROWED TIME 

The trick to extending the half-lives of 
clotting factors is to interfere with the body’s 
natural mechanisms for flushing them away. 
There are three very similar approaches, each 
of which extends half-life by about the same 
amount for the respective clotting factors. The 
only real difference is between factor IX, for 
which the techniques are offering extensions 
long enough to make a substantial difference 
in treatment, and factor VIII, for which the 
improvement has been more modest. Unfor- 
tunately, haemophilia A, which is caused by 
factor VII deficiency, is about four times as 
common as haemophilia B. 

Two of the techniques piggyback on the 
half-lives of other longer-lived proteins that 
occur naturally in the body. One such is immu- 
noglobulin, a large Y-shaped protein with 
a half-life of about three weeks. The stem of 
the Y is known as the Fc region. When a clot- 
ting protein is fused to an Fc region, the body 
treats the clotting factor more like an immu- 
noglobulin, and allows it to stick around for 
longer, although not for as long as a complete 
immunoglobulin molecule. 
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DRUGS TO HELP THE BLOOD 
A number of treatments to aid blood clotting are in clinical trials or have been approved this year. 
Product | Approach | Company Half-life | Status 
(hours) 

Factor VIII Eloctate | Fc fusion Biogen Idec 20 FDA approved in June 
infusions (for protein 2014 
h hilia A\ 

eemopiniliai®) BAX PEGylation | Baxter International 19 Submission for approval 
Conventional 855 planned for late 2014 
infusion half- BAY94- | PEGylation | Bayer 19 Submission for approval 
life: 8-12 hours | 9927 planned for mid-2015 

N8-GP PEGylation | Novo Nordisk ae) Submission for approval 
planned for 2018 

Factor IX rlX-FP Albumin CSL Behring 92 n clinical 
infusions (for fusion trials 
h hilia B 

eemebiilae) N9-GP PEGylation | Novo Nordisk 110 Submission for approval 
Conventional planned for 2015 
infusion half- Alprolix | Fe fusion Biogen Idec 87 FDA approved 
Ae protein in March 2014 


FDA, US Food and Drug Administration. 


For factor VIII, Fc fusion extends the 
half-life from a maximum of about 
12 hours to about 18 hours. Factor 
IX, which has a longer half-life to 
begin with, shows a more dramatic 
increase, from one day to five days. 

Both the approved Biogen drugs 
are based on Fc fusion. Similar 
fusion drugs have been on the 
market to treat other diseases for 
many years, for example the rheu- 
matoid arthritis drug Etanercept, 
which was approved by the FDA 
in 1998. Jerry Powell, the retired 
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glycol (PEG) molecules (see ‘PEGyla- 
tion protection’). The PEG forms 
a sort of ‘watery cloud’ around the 
protein, protecting it from various 
mechanisms that would break it 
down; for instance, PEG prevents 
the clotting factors from binding 
to protein-specific receptors that 
would normally clear them away. 
PEG is eventually flushed from the 
body through the kidneys and liver, 
but before then it gives the clotting 
factors a new lease of life. Three 
large drug companies — Bayer in 


director of the Hemophilia Treat- Coagulation Leverkusen, Germany, Baxter Inter- 
ment Center at the University of factor IX, national in Deerfield, Illinois, and 
California, Davis, says that the used to treat the Danish company Novo Nordisk 
success of those drugs suggests that | haemophiliaB_ —_— in Bagsvaerd — have all developed 


this is a safe approach to altering the 
clotting factors. 

A similar approach, which is being pursued 
by CSL Behring, based in King of Prussia, 
Pennsylvania, is to fuse the clotting factors 
with albumin. Albumin is a major protein 
of blood plasma and, like immunoglobulin, 
has a half-life of about 20 days. Phase I safety 
studies of factor IX fused to albumin showed 
a fivefold increase in half-life, up to about 
four days. Unfortunately, attempts to do the 
same with factor VIII have been unsuccessful. 
Powell says that the albumin seems somehow 
to interfere with the normal activity of that 
clotting factor. 

“These are really big molecules,’ he says. The 
activity of factor VIII in action, he adds, is so 
complex that it resembles a dancing elephant 
— too easily thrown off its rhythm when some- 
thing else is attached. “If you put the wrong 
kind of contraption on the elephant, it doesn't 
dance as well” 

The third strategy takes a slightly different 
approach. Instead of marrying the clotting 
proteins to a natural substance in the body, 
they are attached to synthetic polyethylene 


PEGylated factor VIII with a half-life 
of roughly 19 hours. Baxter expects to submit 
its product for regulatory approval by the end 
of this year, Bayer next year, and Novo Nor- 
disk by 2018. 

Novo Nordisk is also testing a PEGylated 
factor IX that has shown a half-life of 110 
hours in clinical studies. The company says 
that it hopes to submit that drug for approval 
next year. 

Up to now, tests have not shown much dif- 
ference, in safety or effectiveness, between 
the three approaches. There are concerns 
that PEG might accumulate in the liver or 
kidneys over years of use, but studies of PEG 
have found it to have very low toxicity, and 
Powell thinks that those fears are exagger- 
ated’. “PEG’s been around a long time, there’s 
a lot of toxicology and all the toxicology indi- 
cates no concern,” Powell says. And if, as he 
expects, gene therapy replaces these treat- 
ments in the next decade, patients will in any 
case not have lifetime exposure to PEG. 

One barrier to haemophilia therapy is the 
tendency of factor VII to prompt the body 
into producing anti-factor VIII antibodies, 
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known as inhibitors. For a person with 
haemophilia A, factor VIII is a foreign 
substance, and the immune system can see it 
as a threat. About 30% of people with haemo- 
philia A develop inhibitors, and once they do, 
treating their bleeding becomes much more 
difficult. Only about 4% of people with hae- 
mophilia B develop inhibitors to factor IX. 

There is a lot of worry, Pipe says, that alter- 
ing factor VIII to extend its half-life could 
make the inhibitor problem worse. “Everyone 
treads lightly in the factor VIII field, because 
there is such a fear of immunogenicity with 
any change of the molecule,” he says. “There's 
no question with the current strategies that all 
of them have sort of hit a ceiling. If we're really 
going to overcome that ceiling, you are going 
to have to accept more dramatic changes to 
the molecule” 

PEG may prove helpful in that regard. Stud- 
ies dating back to the 1970s have shown that 
PEGylation can reduce the chances of a for- 
eign protein stimulating an immune reaction, 
although the effect has not yet been proved in 
people with haemophilia. “That'd be a huge 
breakthrough if that were true,’ Powell says. 


CONSTANT CASCADE 

One researcher might have worked out a way 
to avoid the inhibitor issue almost entirely, by 
developing a different molecule to take the 
place of factor VIII in the clotting cascade. 

Normally, once activated by previous steps 
in the cascade, factor VIII grabs hold of both 
factor IX and factor X, bringing them together 
to perform the next steps in the cascade. 
Midori Shima, director of the Hemophilia 
Center at Nara Medical University in Japan, 
has created a ‘bispecific’ antibody to do the 
same job. 

Antibodies are immunoglobulins, and the 
upper arms of these Y-shaped proteins are 
designed to bind specifically to another mol- 
ecule. Shima has created an antibody with 
one arm that binds to factor IX and the other 
to factor X, pulling the two together so that 
the clotting cascade can continue. The bispe- 
cific antibody has a half-life of about 30 days, 
much longer than the 12-hour upper limit of 
factor VIII, Shima says. Chugai Pharmaceuti- 
cals, based in Tokyo, and Hoffman-La Roche, 
based in Basel, Switzerland, are working on 
developing his findings into a treatment. 

The researchers have not yet released the 
results of their phase II initial clinical trials, 
but Shima says that in the patients with hae- 
mophilia they looked at, bleeding frequency 
decreased dramatically. Among six people 
receiving the lowest dose of the treatment, 
who had each had 20-60 episodes of bleeding 
in the 12 weeks before the trial, two had no 
bleeding episodes at all during the 12 weeks 
of the trial. And out of 64 patients, only one 
developed an inhibitor. The team is planning 
a larger, phase III trial. 

One bonus of this treatment is that because 


PEGylation protection 


A key advance in haemophilia treatment is to 
prolong the effectiveness of the injected 
coagulation-promoting proteins (clotting factors) 
by shielding them from destruction. 


Unprotected molecule 

Under normal circumstances, proteases and 
protein-specific receptors break up the 
clotting factor and rapidly clear it from the 
bloodstream. 


Protease 


Clotting 


factor 


Protein-specific receptor 


Microscopic shield 


In PEGylation, molecules of polyethylene 
glycol (PEG) are attached to the clotting factor. 
The PEG molecules bring with them water 
molecules, which shield the clotting factor 
from attack. 


Protease 


Clotting 
factor 


Too big to discard 

The watery cloud makes the factors too big for 
the kidneys’ filtration mechanism, so the 
molecule circulates in the bloodstream for 
longer. 


of the nature of the antibody, it does not have 
to be delivered intravenously, but instead can 
be injected under the skin, like insulin. “We 
think we can change the whole concept of hae- 
mophilia treatment,’ Shima says. 

Lillicrap agrees. “That bispecific antibody 
would be hugely disruptive if it works,” he 
says. “We'll know within the next couple of 
years whether it delivers on the promise which 
so far it’s shown? 

Treatments with extended half-lives may 
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provide benefits beyond the convenience 
of less-frequent infusions and the potential 
increase in the number of people who stick to 
their treatment regime. If people under treat- 
ment now keep to their current schedule with 
the extended-life products instead of taking 
fewer infusions, the increased concentra- 
tion of clotting factors in their blood could 
improve their quality of life even further. 
When patients have 


“It is alot an infusion of clotting 
easier than factor every 48 hours, 
stickinea the concentration of 
neville a clotting factor initially 
P reaches 100% of normal 
your kid three lecceandeeeotiaek 
ineeaueek * evels and stays there for 


about 12 hours. For the 
next 36 hours, it is high 
enough to be useful, but below normal. For 
the last 6 to 8 hours, the level is very low, less 
than 5%, Pipe says. Physicians try to keep the 
lowest level, the trough, from falling below 1% 
of the amount a non-haemophiliac person has 
circulating in their blood, enough to prevent 
spontaneous bleeding. 

But if the trough level can be higher, it 
might make life easier for the patients, allow- 
ing them to, for instance, take up athletics 
with less fear of injury. “Ideally, you‘d like 
to have zero bleeding,’ Pipe says. “What is 
the threshold for that I don't think anybody 
knows.’ Still, there would be substantial ben- 
efit from a less-than-perfect level of clotting 
factor. “If you could maintain a level of 10% 
or 15%, you would probably eliminate all 
joint disease,” he says. 

Lillicrap hopes that the emergence of 
several therapies means that it will make 
economic sense for drug companies to pro- 
vide treatments to poorer parts of the world 
that have not been able to afford them. “No 
longer are people thinking about these 
therapies being only Western European 
and North American therapies,” he says. 
If pharmaceutical companies are pouring 
money into this research, he thinks that it is 
at least in part because they can see a world- 
wide profit benefit. 

For all the advantages of these extended- 
life molecules, the researchers predict that 
they will be supplanted in perhaps a decade 
by advances in gene therapy, which will enable 
people with haemophilia to produce their own 
clotting factors. But in the meantime, trading 
current therapies for longer-lasting ones can 
improve patients’ lives. “As a bridging therapy 
between the really good outcomes we have 
currently and maybea cure down the line,” says 
Pipe, “I think the extended-half-life molecules 
are a perfect transition.” = 


Neil Savage is a freelance writer based in 
Lowell, Massachusetts. 
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PERSPECTIVE 
The fix is in 


detailed the successful treatment of six adults with haemophilia B, 

which is caused by a deficiency in the coagulation protein known 
as factor IX. All of the participants were able to eliminate or reduce 
the frequency of clotting-factor-replacement injections — the current 
standard treatment for the disease — after their livers began producing 
functional levels of factor IX. The experimental therapy came in the 
form of an adeno-associated virus (AAV) carrying a gene that encodes 
instructions for production of normal levels of human factor IX. Three 
trials of AAV-mediated gene transfer in patients with haemophilia B 
are ongoing, with high expectations. 

After more than 20 years of research on gene transfer, it is a prom- 
ising time for haemophilia therapies. It now seems likely that a 
single-dose treatment for haemophilia B using an AAV or another 
gene-transfer technique will be a viable option for many people in the 
next decade or two. 

Yet haemophilia researchers are not inclined 
to speak enthusiastically of a cure. Part of that 
caution comes from recognition that there are 
still problems to solve. For example, some 40% 
of people with haemophilia B would find no ref- 
uge in an AAV treatment because they produce 
antibodies that attack and neutralize this virus’. 

And even if that problem were solved, the 
treatment would apply only to those with hae- 
mophilia B. The more common form of the con- 
dition, haemophilia A, stems from a deficit in 
another protein — factor VIII — and the gene for 
that protein is a more difficult target. Regardless 
of the type of haemophilia, researchers remain 
hesitant about gene therapy owing to the unre- 
solved ethical issues that arose decades ago. 

The unfettered optimism that characterized the 
early years of gene-therapy research came to a screeching halt in 1999, 
when 18-year-old Jesse Gelsinger died in a phase I clinical trial at the 
University of Pennsylvania in Philadelphia. Gelsinger had undergone 
an experimental gene transfer for his otherwise treatable metabolic 
disorder. His death, along with a series of other harmful events in early 
gene-therapy trials for a variety of diseases, threatened the whole field. 

Haemophilia specialists who were engaged in gene-transfer studies 
were more guarded than most of that era’s self-proclaimed gene doc- 
tors’. The source of their reserve goes beyond the cautious optimism 
that characterized such research after 1999; it is grounded instead in 
the long and troubled experience that the haemophilia community 
has had with technological fixes. 

By the late 1970s, a therapeutic revolution had transformed haemo- 
philia from an obscure hereditary malady into a manageable disease’. 
But the glory of this achievement was tragically short-lived. The same 
clotting-factor-replacement therapies that delivered a degree of nor- 
mality to the lives of people with haemophilia brought unexpected 
and fatal results: tens of thousands of people with haemophilia were 
diagnosed with transfusion-related HIV/AIDS in the 1980s and with 
hepatitis C virus (HCV) in the 1990s. 


I: 2011, a remarkable study' in the New England Journal of Medicine 
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History explains why people with haemophilia, and their physicians, are 
cautious to believe that a cure is in sight, says Stephen Pemberton. 


The memory of tainted transfusions still haunts those who have, 
or work with, haemophilia. Add Gelsinger’s death into the mix and it 
is clear why specialists are debating thorny ethical problems, such as 
when to try out AAV-mediated gene transfer on children. Gene ther- 
apy is not even the most promising treatment for haemophilia on the 
immediate horizon. The biotechnology industry is producing recom- 
binant-clotting-factor products for both haemophilia A and B that can 
limit bleeding episodes with less-frequent injections (see page S162). 

But the lure of a less-intrusive form of treatment raises a historical 
spectre of its own. It was this same desire for convenience that led 
many haemophilia physicians and patients in the United States in the 
1980s to continue using clotting-factor concentrates that had a high 
risk of HIV contamination rather than switch back to older, more 
cumbersome but less risky forms of plasma-replacement therapy. 
Thousands of people with haemophilia contracted HIV and HCV 
because of this acculturated preference’. 

Finally, there is the difficulty of making costly 
treatments available to the vast majority of the 
world’s haemophilia patients who live in low 
income countries. About 75% of people with 
haemophilia still receive inadequate treatment, 
particularly in less-developed nations where 
clotting-factor therapy is limited*. An effec- 
tive gene therapy could well offer these under- 
served patients their first chance at effective 
intervention’. 

History suggests that the fix will not lie in just 
one solution, but will be contextual and messy. 
The wants and needs of people with haemophilia 
in the developed world might not be the same 
as for those in low income countries. Yet social 
justice demands that there be equity in access 
to treatment. The transfusion scandals of the 
past remind us of the importance of bringing together patients and 
treatment professionals with stakeholders from industry and public 
health to weigh the various technological fixes. If such discussions 
had taken place in the 1970s and 1980s about the known problem of 
transfusion-related hepatitis B, the haemophilia community would 
not have been blind-sided by the emergence of HIV and HCV. m 


Stephen Pemberton is a medical historian at the New Jersey 
Institute of Technology in Newark, and author of The Bleeding 
Disease: Hemophilia and the Unintended Consequences of Medical 
Progress. 

e-mail: stephen.pemberton@njit.edu 
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Blood-clotting factors produced by these lettuce plants could eliminate the problem of immune rejection. 


IMMUNOLOGY 


Oral solutions 


Pills made from lettuce leaves could help to prevent one of the 
most serious complications of haemophilia treatment. 


BY ELIE DOLGIN 


he food in Anita’s bowl is not your 
| average dog chow. Although the dish 
contains pellets and wet food, there 
is also a sprinkling of green powder — the 
product ofa trailblazing experiment to address 
a potentially lethal complication of haemo- 
philia treatment. Anita, so named because her 
red coat reminded breeders of the character 
from the animated film One Hundred and One 
Dalmatians, is a keagle (a mix of a beagle anda 
Cairn terrier) with haemophilia B. 

Like people with this rare genetic disorder, 
Anita is naturally deficient in factor IX, a pro- 
tein that helps the blood to form clots. When 
treated with replacement coagulation proteins, 
the dog naturally develops antibodies, or inhib- 
itors, against the therapy — a problem that is 
also seen in some 5% of humans with haemo- 
philia B. In these people, the immune system 
identifies the therapeutic protein as dangerous, 
causing the body to stop accepting the protein 
as a normal part of the blood, and destroys it 
before it can stop the bleeding. Continuing to 


take factor-replacement therapies can result 
in life-threatening allergic reactions, such as 
anaphylaxis. 

The problem is even worse with haemophilia 
A, a disease that is four times more common 
than haemophilia B and in which the miss- 
ing link in the coagulation chain is a protein 
called factor VIII. Around 30% of people with 
haemophilia A develop antibodies against 
replacement factor VII. 

Therapies are available to eliminate these 
antibodies. Some people, for example, undergo 
an intensive treatment called immune tolerance 
induction therapy, which involves regular intra- 
venous administration of coagulation factors. 
But this is time consuming and costly (around 
US$1 million for an average five-year-old 
patient), and the treatment works in only about 
three-quarters of patients. “The challenges of 
treating haemophilia with inhibitors are just 
staggering,’ says Timothy Nichols, director of 
the Francis Owen Blood Research Laboratory at 
the University of North Carolina at Chapel Hill, 
which maintains the colony of haemophiliac 
dogs to which Anita belongs (see page S172). 
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Inducing immune tolerance in people who 
have developed inhibitors is one approach. 
But avoiding the problem altogether would 
be even better. “If you can prevent antibody 
formation in the first place, by finding some 
way of producing immunological tolerance that 
gets around that type of protocol, that would 
be a major advantage,’ says David Lillicrap, a 
clinician and researcher who specializes in 
bleeding disorders at Queen’s University in 
Kingston, Ontario, Canada. 

The green powder in Anita's dish might do 
just that. The oral treatment is a concentrate of 
freeze-dried lettuce-leaf cells, each containing 
around 10,000 chloroplasts — the organelles 
responsible for photosynthesis — that have 
been genetically engineered to produce factor 
IX. These proteins cannot themselves be used 
to prevent bleeding episodes, because the cel- 
lular machinery found in plants cannot package 
the human clotting factors into the biologically 
active form. What they can do, however, is pre- 
vent the immune system from mounting an 
attack against subsequent therapy. 

The researchers behind the bioengineered 
lettuce have shown that inhibitor formation 
and severe allergic reactions can be prevented 
in mice by feeding the animals with a prod- 
uct based on these plants’. If the strategy also 
works in Anita and her kennel mates — and 
ultimately in humans — it could form the 
basis of the first product to protect against 
the immune responses associated with 
haemophilia treatment. 

Anita is one of only two dogs to have 
received the bioengineered lettuce. “So far, it’s 
going very well,’ says lead researcher Henry 
Daniell, director of translational research at the 
University of Pennsylvania School of Dental 
Medicine in Philadelphia. 


AN ACT OF TOLERANCE 

In 2006, Lillicrap demonstrated that a simple 
oral treatment could train the immune sys- 
tem not to produce inhibitors. Working with 
a mouse model of haemophilia A, he and his 
colleagues gave the mice a purified fragment 
of the human factor VIII protein, through 
the nose or mouth. The researchers found 
that the treatment afforded some protection 
against antibody development after factor 
VII replacement therapy’. But the approach 
did not deliver sufficient amounts of the factor 
to immune cells in the gut or nasal passage to 
fully quash inhibitor formation. 

Daniell came up with an improved delivery 
system. He focused first on haemophilia B. 
Adapting a technique’ that he had previously 
developed to delay the onset of type 1 diabetes, 
Daniell and his group genetically modified 
tobacco plants to express human factor IX in 
their chloroplasts. (Daniell has since switched 
to using lettuce.) 

Chloroplast DNA is separate from the 
genome DNA in the plant nucleus, and the 
large numbers of these tiny organelles in the 


KWANG-CHUL KWON, JIN SU & HENRY DANIELL, UNIV. PENNSYLVANIA 


KWANG-CHUL KWON, JIN SU & HENRY DANIELL, UNIV. PENNSYLVANIA 


cell allow huge volumes of the coagulation 
protein to accumulate in each tobacco leaf. 
Once ingested, the plant cell wall protects the 
coagulation protein from being destroyed by 
stomach acid. Gut microorganisms farther 
down the digestive tract then chew away at the 
cell wall, releasing the clotting-factor protein. 

To target the proteins to the immune system, 
Daniell then attached a second protein that has 
high binding affinity for a receptor found on 
the inside of the human gut. With this fused 
construct tethered to the intestinal wall, 
the coagulation protein could be 
absorbed into the body and pro- 
cessed by the specialized cells in 
the immune system that induce 
tolerance. 

Working with Roland Herzog, 
a molecular biologist at the University of 
Florida in Gainesville, Daniell then tested 
the plant-based product in animal models. 
In 2010, they showed that oral delivery of fac- 
tor IX expressed in chloroplasts in this way led 
to almost undetectable inhibitor levels in mice, 
and no sign of anaphylactic shock". “The mice 
are healthy, they show no allergic responses 
and they don’t form the inhibitors,” Herzog 
says. “That's pretty exciting” 

Daniell then modified the tobacco leaves 
to express factor VIII and shipped powders 
of the leaves to Herzog. Earlier this year, the 
two researchers and their teams documented” 
suppression of inhibitor formation and even 
reversal of pre-existing inhibitors in mouse 
models of haemophilia A. 


INHIBITORY CONTROL 

Other strategies being pursued to prevent 
the formation of inhibitors of clotting-factor 
therapy include immunosuppressants and 
drugs that deplete specific immune cells. How- 
ever, these therapies have many side effects, 
including increased susceptibility to infection. 

A potentially safer option comes from 
Selecta Biosciences, a company in Water- 
town, Massachusetts. Selecta has developed 
a nanoparticle delivery system in which an 
immune-modifying compound is contained in 
biodegradable plastic particles just 150 nano- 
metres across. When injected together with 
factor VIII into mouse models of haemo- 
philia A, the nanoparticles deliver their pay- 
load to cells in the lymphoid tissue that are 
responsible for initiating immune responses. 
These cells, in turn, instruct factor-VIII- 
specific immune cells to become tolerant to 
the coagulation protein, resulting in suppres- 
sion of misdirected antibody responses to the 
replacement therapy — all without affecting 
the rest of the immune system. 

David Scott and his colleagues at the 
Uniformed Services University of the Health 
Sciences in Bethesda, Maryland, teamed up 
with Selecta to show that inhibitors remained 
undetectable for at least six months after treat- 
ment with the nanoparticle formulation’. 


“This underscores the point that we're actu- 
ally teaching the immune system to become 
tolerant to factor VIIL” says Selecta’s chief 
scientific officer, Takashi Kei Kishimoto. 

The nanotechnology approach that is being 
tested for inhibitor control could also improve 
the haemophilia treatment that is now at the 
cutting edge of clinical research: gene therapy. 
Using the standard gene-therapy approach, 
researchers have shown that they can achieve 


Green power: from leaf to powder to capsule. 


long-term expression of factor IX in adults 
with haemophilia B at sufficiently high levels 
to convert the bleeding disorder into a mild 
disease (see page S160). There has so far been 
no reported evidence of inhibitor formation 
in the small number of human participants in 
clinical trials for this viral therapy’. 

Still, the standard form of liver-targeted 
gene therapy carries a range of potential 
complications, including the risk of harm- 
ful mutations and of the body mounting an 
immune response against the viral vectors 
used to carry the correct forms of the defec- 
tive genes responsible for haemophilia. That 
is why several research groups are attempting 
to replace viral vectors with nanoparticles that 
can deliver gene therapies as ‘DNA pills: 


PILL PROTECTION 
DNA pills combine DNA plasmids — circular 
pieces of bacterial DNA containing the gene 
encoding either factor VIII or factor IX — with 
nanoparticles made of chitosan, a tough poly- 
meric carbohydrate found in the exoskeleton of 
crustaceans. Chitosan protects the therapeutic 
gene product and chaperones it through the 
gut. “The oral route has significant appeal,’ says 
Gonzalo Hortelano, a gene-therapy researcher 
at McMaster University in Hamilton, Canada. 
“The key is to achieve a system of delivery that’s 
persistent, effective and completely safe.” 
Independent studies by Hortelano’s group 
and other research teams in Germany and the 
United States have shown that this oral gene 
therapy does not activate the immune system. 
Indeed, exposure of the protein produced by 
the nanoparticle-based gene therapy to the 
gut mucosa prevents inhibitor development 
and restores clotting-factor activity in mouse 
models of both haemophilia A’* and B’. “This 
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approach really could hold big benefit for 
patients,” says Jorg Schiittrumpf, a transfusion- 
medicine specialist who led one of the studies 
performed at the German Red Cross Blood 
Donor Service in Frankfurt. 

Kam Leong, a biomedical engineer at 
Columbia University in New York City whose 
team was the first to demonstrate success with 
this approach in mice’, has even tried feeding 
the chitosan—-DNA nanoparticles to dogs with 

haemophilia A. Leong found some evidence 
of gene transfer and a reduction in 
inhibitors in the animals. But 

bleeding times were not reduced, 

which would be expected if 
sufficient levels of factor VIII 
were being produced. “It is still a 
very inefficient process,’ Leong says, “so 
it requires continued optimization” 

Although the ideal remains a gene ther- 
apy that both corrects the disease and offers 
immune tolerance, some scientists have 
focused on treating inhibitor formation, with- 
out worrying about fixing the disease. Under 
this strategy, people would still need to take 
factor-replacement therapies, but they could 
do so without fear of inhibitor development. 

With this in mind, independent teams led by 
Scott and Herzog took the conventional viral- 
vector approach to inducing tolerance through 
gene therapy. But rather than delivering the 
entire gene for the clotting-factor proteins to 
cells, as most gene therapies do, the researchers 
used the viruses to engineer immune-regulating 
B cells to express a fragment of the clotting factor 
fused to an immune molecule called an immu- 
noglobulin. This led to long-lived tolerance in 
mouse models of haemophilia A” and B”. 

Pursuing such gene-therapy approaches 
offers a degree of bet hedging, says Herzog. 
“Each strategy has potential advantages and 
disadvantages,” he points out, “and we do not 
really know yet what will work or may work 
best in people.” With so many therapeutic 
tactics moving through the preclinical pipe- 
line, scientists and clinicians remain hopeful 
that at least one will ultimately succeed, elimi- 
nating the problem of inhibitor formation for 
people with haemophilia altogether. m 


Elie Dolgin is a science writer in Somerville, 
Massachusetts. 
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The control of blood clotting treads a fine line between promotion and inhibition. 


THROMBOSIS 


Balancing act 


A promising therapy curtails clotting inhibitors rather than 
replacing proteins that promote blood clotting. 


BY CASSANDRA WILLYARD 


anjaksha Ghosh has seen more than 
kK a thousand people with haemophilia 
since he became a physician. But he 
has always wondered why some patients bleed 
spontaneously and develop crippling joint dam- 
age whereas others barely seem to be affected. 
Ghosh, who heads the National Institute 
of Immunohaematology in Mumbai, India, 
remembers a soldier who had been fighting 
insurgents in the northeast of the country. 
The man’s brother was almost bedridden by 
haemophilia, but the soldier’s symptoms were 
so mild that he did not even realize that he had 
the disease until he was shot on the battlefield. 
In the 1990s, Ghosh began trying to work out 
why such discrepancies existed by studying fam- 
ilies like the soldier’s. When he delved into the 
genomes of those with a milder disease, he often 
saw not just a mutation in the affected clotting- 
factor gene, but also a mutation in another gene 


— the first causing haemophilia, the tendency 
to bleed, and the second causing thrombophilia, 
the tendency to clot. Ghosh’s research leads to 
the conclusion that a patient with haemophilia 
who co-inherits a thrombophilic gene bleeds less 
than one without that mutation. 

Blood coagulation is regulated by one set of 
proteins that causes clotting and another set 
that prevents it (see ‘Perfect balance’). Too lit- 
tle clotting ability leads to bleeding disorders. 
Too much leads to vessel-blocking clots that 
can cause strokes and heart attacks. Existing 
haemophilia treatments tip the balance towards 
clotting by adding what the body lacks — the 
clotting factor that is missing or defective. But 
natural human experiments such as Ghosh’s 
soldier suggest an alternative strategy to treat 
the disease. Rather than boosting the fac- 
tors that promote clotting, researchers might 
instead disable the anticoagulation machinery 
that prevents clotting. 

In the past few years, three drug companies 
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have moved compounds aimed at inhibiting 
anticoagulation into clinical trials. The hope 
is that these therapies will be as effective as 
existing treatments and much more conveni- 
ent. Rather than receiving multiple infusions 
of protein replacement each week, patients 
might be able to control their bleeding with 
long-lasting injections. 


TARGET PRACTICE 

The complex cascade that results in the 
formation of a clot begins when a blood vessel 
is injured. Several proteins hold the process in 
check to prevent clots from forming where they 
are not needed. One such protein, tissue factor 
pathway inhibitor (TFPI), impedes the initiation 
of coagulation. Studies published over the past 
two decades suggest that blocking this protein 
can promote clotting, which could curb bleeding 
in people with haemophilia. 

The Danish pharmaceutical company Novo 
Nordisk in Bagsvaerd began working on an 
antibody designed to inhibit TFPI in the 1990s. 
Its researchers showed that this antibody could 
speed up clot formation in blood plasma from 
people with haemophilia’. They also found that 
it could shorten bleeding time and hasten clot- 
ting in rabbits with induced haemophilia. These 
results seemed promising, but Novo Nordisk 
began pursuing other strategies to treat haemo- 
philia, and research to develop an anti-TFPI 
antibody was halted. 

In 2006, Novo Nordisk decided to look for 
therapies that could be injected under the skin 
and revived the programme. By 2010, the com- 
pany had launched a clinical trial in Europe and 
Asia to test the safety of an anti- TFPI monoclo- 
nal antibody called concizumab. The researchers 
administered the antibody either intravenously 
or subcutaneously to 28 healthy volunteers and 
24 people with haemophilia. Preliminary results 
presented in 2013 at the International Society 
on Thrombosis and Haemostasis meeting in 
Amsterdam suggest that concizumab is safe, and 
that it can improve coagulation. Participants did 
not report any severe adverse events, although 
one of the healthy volunteers in the group receiv- 
ing the highest dose of concizumab developed 
asmall blood clot that disappeared on its own. 

The company hopes to launcha second study 
in mid-2015 to determine the appropriate dose 
before moving on to test the efficacy of the treat- 
ment. “We have liked TFPI as a target for along 
time,” says Ida Hilden, scientific director of Novo 
Nordisk’s concizumab project. 

Drug company Baxter International, based 
in Deerfield, Illinois, sells recombinant clotting 
factors for treating haemophilia and also has 
its sights on TFPI. In the same year that Novo 
Nordisk launched its concizumab trial, Baxter 
strucka deal to purchase a suite of haemophilia- 
related assets from the former therapeutics com- 
pany Archemix. Those assets included a therapy 
designed to inhibit TFPI that had already entered 
a safety study in the United Kingdom. This ther- 
apy was an aptamer, a small strand of nucleotides 
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designed to inhibit TFPI’s activity by binding to 
it, much like an antibody. 

The compound, known as BAX 499, per- 
formed well in animal studies but failed to 
deliver in humans’. In 2012, Baxter halted the 
trial due to an increased number of bleeding 
events. The failure came as a shock. “We did 
extensive safety studies in monkeys,” says Fritz 
Scheiflinger, vice-president of research and 
innovation at Baxter BioScience in Vienna. “We 
gave huge amounts of aptamer over six months’, 
yet there were no signs that the compound was 
unsafe, he says. 

Scheiflinger and his colleagues think that they 
now have an explanation for this strange effect. 
TFPI lasts no more than a couple of hours in the 
bloodstream, but BAX 499 has a longer half-life. 
When BAX 499 binds to TFPI, it allows the pro- 
tein to persist for longer and, over time, to accu- 
mulate. And although the drug binds to TFPI, it 
does not completely deactivate it. So, as partially 
active TFPI piles up, the balance eventually tips 
from a pro-clotting effect to an anti-clotting 
effect. The problem seems to be confined to this 
particular compound, but nonetheless, the com- 
pany has shifted its focus away from aptamers. 

Baxter is now concentrating on peptides — 
short strings of amino acids that can be tailored 
to block part of the TFPI protein — a strategy 
that Scheiflinger and his colleagues first consid- 
ered in 2005. The company has identified several 
promising candidates, but has not yet decided 
whether it will move them into clinical trials. 

TFPI is not the only target for companies 
hoping to hamper the anticoagulant system. 
Alnylam Pharmaceuticals in Cambridge, Mas- 
sachusetts, has set its sights on antithrombin — a 
protein produced by the liver that hinders clot- 
ting. “Antithrombin is probably one of the most 
potent natural anticoagulants we have in the 
body,’ says Benny Sorensen, medical director of 
clinical research and development at Alnylam. 
But rather than inhibiting antithrombin’s activ- 
ity, the company plans to block its expression by 
using short strands of RNA to silence the mes- 
senger RNA that carries the code for antithrom- 
bin — an approach called RNA interference. 

The company is testing its therapy, called 
ALN-AT3, in a safety study, and the initial 
results were presented at the World Federation 
of Haemophilia annual meeting in Melbourne, 
Australia, in May. After giving healthy volun- 
teers a single low dose of the drug, expression 
of antithrombin was reduced by 28-32% — an 
outcome that Sorensen says left the researchers 
“very surprised”. They had thought that it would 
take higher doses to achieve sucha result. 

But Sorensen believes that they can do 
even better. In that first phase, the researchers 
were not allowed to exceed a 40% reduction 
in antithrombin because of the safety risks to 
healthy volunteers. The next phase of the study 
will include people with haemophilia, and there 
will not be the same limitation. So the research- 
ers plan to administer multiple doses of the 
drug. Sorensen thinks that if they can achieve a 


PERFECT BALANCE 


The body must maintain a delicate 
equilibrium to ensure that blood flows freely 
most of the time but clots when necessary. 
Haemophilia tips the scale towards bleeding, 
but researchers are looking for new ways to 
restore the equilibrium. 


HAEMOPHILIA 

People with haemophilia do not produce enough 
factor VIII or factor IX, proteins that play a crucial 
part in clotting. 


Coagulants 


Anticoagulants 


JC 
Clotting 


Bleeding 


FACTOR REPLACEMENT TREATMENT 

To prevent and staunch bleeding, physicians 
typically give patients with haemophilia 
infusions of the factors they lack. Adding these 
extra factors restores the balance between 
bleeding and clotting. 


ANTICOAGULANT INHIBITION TREATMENT 

An approach under development restores balance 
instead by inhibiting the proteins that prevent 
clotting — natural anticoagulants such as tissue 
factor pathway inhibitor (TFPI) and antithrombin. 


x 
Clotting 


50-80% reduction in antithrombin, ALN-AT3 
may be able to control bleeding in people with 
haemophilia without infusions of clotting factor. 


CAUTIOUS OPTIMISM 

All of these therapies have one major advantage 
over protein replacement: antibodies, peptides 
and RNA can be effective even when injected 
under the skin, in part because they are so 
much smaller than the proteins used for factor- 
replacement therapy. Novo Nordisk envisages 
putting its antibody into a ‘per like the one that 
people with diabetes use to administer insulin. 
This would be much more convenient than 
the intravenous infusions required for existing 
therapies. “Haemophilia patients are pestered 
from when they are one or two years old for the 
rest of their lives with intravenous injections,” 
Sorensen says. “If we can achieve a correction of 
this haemostatic imbalance that would prevent 
spontaneous bleeds, then we've really offered 
an unbelievable change in the lives of these 
haemophilia patients.” 

If compounds such as concizumab and 
ALN-AT3 prove effective, they will undoubt- 
edly be a boon for at least one group of people 
with haemophilia: those who develop inhibi- 
tory antibodies against the blood-clotting 
factors VIII and IX, and who can no longer 
receive this standard therapy. Roughly 5% 
of those with haemophilia B fall into this 
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category, and 30% of those with haemophilia 
A (see page $166). Baxter, Novo Nordisk 
and Alnylam think that their products will 
appeal to other people with haemophilia. But 
whether these therapies will be safe and effec- 
tive enough to replace infusions of clotting 
factor “is the million-dollar question’, Schei- 
flinger says. Sorensen is the most optimistic. 
He speculates that a once-a-month dose of 
ALN-AT3 might control bleeding without the 
need for prophylactic infusions of clotting fac- 
tor. Even if patients cannot completely forgo 
factor replacement, he adds, ALN-AT3 might 
allow them to use less, which could reduce the 
risk of developing inhibitors. 

But many of the physicians who treat patients 
with haemophilia are not convinced. “The com- 
mon thinking among haemophilia treaters is 
that these new strategies can never replace treat- 
ment with factor VIII and IX in non-inhibitor 
patients,” says Erik Berntorp, a haematologist 
at Lund University in Malm6, Sweden. David 
Ginsburg, a geneticist at the University of 
Michigan, Ann Arbor, is equally cautious. “In 
the case ofa genetic deficiency, it's pretty hard to 
improve on replacing the missing factor,’ he says. 

Kenneth Mann, a biochemist at the Univer- 
sity of Vermont in Burlington, does not doubt 
that blocking these anticoagulant pathways 
will increase the production of thrombin, a key 
protein in clotting, but he does not think that 
these therapies will necessarily work for every- 
one. People with haemophilia “are more hetero- 
geneous than wed like to admit,” he says. And 
companies will have to work out how to stratify 
patients on the basis of their real bleeding risk 
to determine who will benefit from these new 
approaches. “I don’t mean to throw a wet blanket 
on this,’ he says, “but caution is required” 

One risk is that these therapies will work too 
well, tipping the balance towards clotting. Ina 
person without haemophilia, Ginsburg says, a 
total lack of antithrombin “seems to be disas- 
trous”. Mice that lack either antithrombin or 
TFPI die in utero. Although the antithrombin- 
based therapies for haemophilia are not designed 
to completely block their targets, “knocking 
them down is not without risk’, he says. And as 
the failure of BAX 499 shows, the risks posed 
by any new medication can be hard to predict. 

Jakob Back, vice-president of the conci- 
zumab project at Novo Nordisk, understands 
the scepticism. Protein replacement has been 
the go-to therapy for haemophilia for decades. 
Concizumab and similar therapies represent “a 
completely different way of approaching haemo- 
philia compared to anything we've been doing 
for the last 50 years’, he says. “We are moving 
into unknown territory.’ = 


Cassandra Willyard is a freelance writer in 
Madison, Wisconsin. 
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ORTHOPAEDICS 


Joint effort 


The hunt is on for ways to diagnose and treat the joint problems 
that are now the main chronic problem in haemophilia. 


BY KATHARINE GAMMON 


s a physician who cares for adults with 
Ament Annette von Drygalski 
sees patient after patient with bulging, 
painful knees and elbows caused by bleeding 
into the joint. The rise in cases of this crippling 
condition, which can lead to arthritis and disa- 
bility, drives the work of von Drygalski and her 
team at the University of California's San Diego 
Medical Center — part of a growing body of 
researchers studying haemophilic joint disease 
and the pain that it causes. 
Before clotting factor became widely avail- 
able as a treatment (see page S162), people 
with haemophilia rarely reached adulthood, 


so haemophilic joint disease was not on the 
radar of most research programmes. But now 
that people with the disease have a life expec- 
tancy similar to that of the general population, 
arthritis caused by the disorder has emerged as 
a serious medical problem. 

A bleed inside a joint leads quickly to stiff- 
ness and pain. The residual iron from pooled 
blood causes inflammation of the joint lining, 
acondition knownas synovitis. Physicians can 
remove the inflamed tissue surgically (which, 
for people with haemophilia, comes with a 
high risk of bleeding) or by injecting radio- 
isotopes into the joint. These emit radioactive 
particles that destroy the cells in the joint lining 
and prevent further bleeding. Such surgeries 
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are delicate procedures, says Mauricio Silva, 
an orthopaedic surgeon at the University of 
California, Los Angeles, who specializes in 
haemophilic joint operations. “The deformi- 
ties are much more severe than someone with 
arthritis,” he says. 

The basic remedy for bleeding into the joint 
has been for patients to self-administer more 
clotting factor when they believe they are hav- 
ing a bleeding episode. But this is expensive, 
and does not help everyone. “This field will 
require lots of new thoughts, beyond adminis- 
tering clotting factor for joint health, over the 
next decade to improve the life of those with 
haemophilia,” says von Drygalski. 

Researchers are tackling the problem from 
multiple directions: through better imag- 
ing, by using novel biomarkers that might be 
able to reveal even minor joint bleeds, and 
by applying knowledge from other types of 
arthritis. It will take research in all of these 
areas to work out new ways to diagnose and 
treat haemophilic joint disease and under- 
stand its causes. 


JOINT INSPECTION 

One problem is that there is no definitive way 
for physicians to distinguish between nor- 
mal arthritic joint pain and that caused by a 
bleed. Von Drygalski’s research shows that 
only one-third of painful episodes reported 
by people with haemophilia are associated 
with bleeding into the joint’. Similarly, physi- 
cians find it hard to determine the cause of 
joint pain: in one small study’, von Drygalski 
and her colleagues found that physicians’ 
assessments, based on patient interviews and 
physical examinations, were incorrect in 18 
of 40 instances. 

Imaging technologies can help. The highest- 
quality pictures come from magnetic reso- 
nance imaging (MRI), but these systems are 
slow, bulky and costly to run, and so are not 
commonly used in haemophilia clinics. 

With an eye on those drawbacks, von 
Drygalski and her colleagues developed a 
clinical tool that uses ultrasound. The mus- 
culoskeletal ultrasound (MSKUS) system — 
featuring a hockey-stick-shaped ultrasound 
probe — can distinguish between bleeding 
and inflammation during painful episodes. As 
part of a large initiative in Europe sponsored 
by pharmaceutical giant Pfizer, staff at about 
10-15 haemophilia treatment centres are cur- 
rently being trained to use the technology. The 
same initiative is in the planning stages in the 
United States, where training will be given at 
10 centres. 

MSKUS checks the crevices of joints for 
inflammation or bleeding, and is less costly 
than MRI but just as accurate, says von 
Drygalski. In particular, she says, ultrasound 
provides greater detail on what is happening 
in acutely and chronically painful haemophilic 
joints, where bleeding has caused both syno- 
vitis and inflammatory changes to soft tissue. 
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MOLECULAR MARKERS 

The molecular basis of how haemophilia 
results in joint pain is still not clear. One 
hypothesis is that the blood of patients with 
the disease is a poor activator of a key protein 
called thrombin activatable fibrinolysis inhib- 
itor (TAFI), which controls clot stability and 
reduces inflammation. For example, admin- 
istering additional TAFI relieves discomfort 
in non-haemophiliacs with inflammatory 
arthritis. Because the protein stops blood 
clots from breaking down, it helps people with 
haemophilia to form clots and maintain them. 
Von Drygalski, in collaboration with Laurent 
Mosnier, an assistant professor of molecular 
medicine at the Scripps Research Institute in 
La Jolla, California, is studying how treating 
patients with extra TAFI might help to relieve 
haemophilia joint problems. 

Mosnier, for his part, is doing basic molecu- 
lar studies to better understand the contribu- 
tion of clot breakdown in bleeding, and to 
investigate whether TAFI can be genetically 
modified to make it more potent and diminish 
bleeding complications. 

To tease out TAFT’s clotting and anti-inflam- 
matory roles — and to find out why TAFI 
may not be fully functional in people with 
haemophilia — both researchers are using 
haemophilic mouse models as well as mice 
that have been engineered to lack the gene that 
encodes TAFI. Von Drygalski hopes that this 
will lead to treatments beyond the standard 
infusions of clotting factor. If it is established 
that poor TAFI activation in haemophilia 
contributes to joint disease and inflammation, 
researchers could develop engineered versions 
of TAFI with high potency that persist for 
longer in the body. The researchers hope that 
such agents could eventually mitigate or even 
prevent haemophilic joint disease. 


DRUG SEARCH 

Ideally, physicians would like to have a test 
that determines which people with haemo- 
philia have the highest risk of developing 
joint disease. At Rush University in Chicago, 
Illinois, molecular biologist Narine Hakobyan 
has found about half a dozen biomarkers in 
the blood of haemophilic mice’ that could sig- 
nal very minor bleeds before damage occurs 
in the joint. 

She and her colleague Leonard Valentino 
(who now works at health-care company Bax- 
ter International in Deerfield, Illinois) set out 
to create animal models for haemophilic joint 
degradation in 2001. They made one mouse 
model that had joint bleeds after injury and 
another that bled into the joint even in the 
absence of trauma. They also created a scor- 
ing system to evaluate how well drugs stopped 
bleeding in the joints, which could be used to 
rank the effectiveness of new drugs. 

Hakobyan’s study’ revealed biomarkers 
that could be detected after injecting just 
25 microlitres of blood into the joints of mice 
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An X-ray of the knees of a person with haemophilia, both damaged from bleeding inside the joints. 


that lack clotting factor — showing that even 
tiny bleeds have markers that could be used 
to predict joint deterioration. These could 
guide scientists’ search for new drugs to treat 
haemophilic joint disease, and could point to 
the fundamental mechanisms underlying the 
illness. “It would be helpful to know at which 
point joint disease is reversible, and where we 
can act to use drugs as therapeutic agents,” 
says Hakobyan. Other markers are likely to 
be found for different stages of the disease, 
Hakobyan says. 


BEYOND CLOTTING FACTORS 

To better understand the joint and its 
response to bleeding, researchers are study- 
ing changes to the bone around it. This may 
require creative thinking about mechanisms 
beyond clotting factors, says Paul Monahan, 
a haematologist at the University of North 
Carolina in Chapel Hill, who has studied 
whether rheumatoid arthritis drugs can 
improve mobility and reduce inflammation 
in haemophilic mice. 

Monahan thinks that treatment with infu- 
sions of clotting factor, known as prophylaxis, 
is not a good way to treat all patients with hae- 
mophilia, especially those who have break- 
through bleeding — bleeds that happen in 
between their infusions of clotting factor. For 
instance, previous research’ has shown that 
regularly giving extra doses of clotting agent 
beyond what is needed for primary prophy- 
laxis adequately controls joint bleeding in less 
than 40% of people with haemophilia. 

He likens this approach to giving only one 
therapy to patients with asthma. “You wouldn't 
treat an asthmatic with just a bronchodilator — 
you need to address both the acute spasm and 
the underlying inflammation,” he says. Likewise, 
patients with haemophilia could potentially be 
treated with drugs that reduce inflammation as 
well as being given clotting factor. 

Another potential therapy is the use of 


special radioisotopes to attack the 
inflamed joint lining. In July, Navidea 
Biopharmaceuticals of Dublin, Ohio, 
announced a partnership with the start-up 
firm Rheumco to develop a tin radioisotope 
technology that blasts out inflamed joint tis- 
sue. The idea is to inject a colloidal suspension 
of tin-117 particles into the joints of children 
with haemophilia. This radioisotope was 
selected because it has a small, focused area 
of radiative impact, so there is less chance 
of radiation damaging nearby tissue — an 
important consideration for children whose 
bones are still growing. 

Navidea and Rheumco are completing ani- 
mal testing for the tin-isotope project and are 
optimizing the technology for use in people. 
Being able to treat children with the method 
would be a boon because early treatment is 
key for these disorders, says Mark Pykett, 
formerly chief executive of Navidea and now 
chief executive of Agilis Biotherapeutics in 
New York. Physicians have identified joint 
microbleeds in patients as young as two years 
old. “If you can prevent that, 10 or 20 years 
down the road, they will be better off’ he says. 

The limited treatment options for hae- 
mophilic children and adults with joint pain 
strongly motivates researchers. Only a few 
decades ago, patients with haemophilia did 
not have the chance to grow old; now they are 
feeling the effects of living for longer with the 
disease. “Joints are so important,’ says von 
Drygalski, “because people are living to 60 
or 70 years old — just trying to live normal 
lives.” 


Katharine Gammon is a freelance science 
writer in Santa Monica, California. 


1. Ceponis, A. Wong-Sefidan, I., Glass, C. S. & 
von Drygalski, A. Haemophilia 19, 790-798 (2013). 
2. Hakobyan, N. et al. J. Thromb. Haemost. 12 (suppl. 1), 
1 (2014). 
3. Greene, W. B., McMillan, C. W. & Warren, M. W. 
Clin. Orthop. Relat. Res. 343, 19-24 (1997). 


27 NOVEMBER 2014 | VOL 515 | NATURE | S171 


© 2014 Macmillan Publishers Limited. All rights reserved 


} OUTLOOK | HAEMOPHILIA 


Haemophilic dogs at the University of North Carolina’s blood-research laboratory are helping researchers to learn about the disease and develop treatments. 


ANIMAL MODELS 


Dogged pursuit 


Inthe study of haemophilia, man really does have a best friend. 


BY EMILY SOHN 


ustin, a fluffy white-and-black Old 
Att sheepdog, was still a puppy 

when his owners called the Univer- 
sity of North Carolina's Francis Owen Blood 
Research Laboratory in Chapel Hill four 
years ago. After deciding that the children 
were finally old enough to get a dog, the fam- 
ily had quickly bonded with the rambunc- 
tious pup. But within six months of bringing 
Austin home, they had spent US$10,000 on 
veterinary bills to deal with extreme bleeding 
from small scrapes. Austin was also suffering 
from spontaneous bleeding into his joints and 
uncontrollable nosebleeds caused simply by 
overexcitement. The family loved him, but 
could not take care of him. 

Timothy Nichols, director of the North 
Carolina lab, gets enquiries about haemophilic 
dogs from around the world four or five times 
a year. Sometimes he offers advice and infor- 
mation. Other times, he goes and gets the dog. 
After blood tests confirmed that Austin had 


haemophilia, two of Nichols’ lab members flew 
to the family’s home in New Orleans, Louisiana, 
where they rented a car, packed it with a cool 
box full of medication and drove Austin back 
to Chapel Hill. There, the dog joined a colony 
that for nearly seven decades has been quietly 
transforming understanding of haemophilia. 

Unlike the rats favoured as animal models 
for many other diseases, dogs develop haemo- 
philia naturally, have enough blood to contrib- 
ute to research studies and live long enough to 
reveal long-term outcomes of treatments. “We 
have a 60-year track record now showing that 
if it works well in dogs, it’s likely going to work 
well in humans,’ says Nichols. 


LIKE HUMAN, LIKE DOG 

The earliest recognized cases of haemophilia 
in dogs were documented in 1935 in three 
related Scottish terriers. About a decade later, a 
lawyer in New York contacted the North Caro- 
lina blood-research lab to discuss two Irish set- 
ters that were bleeding frequently, both inside 
and out. Already eager to acquire an animal 
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model of haemophilia, the lab’s then-direc- 
tor, Kenneth Brinkhous, adopted the aristo- 
cratic, long-haired dogs and began searching 
for breeding partners for them. Since then, 
colonies of haemophilic dogs have sprung up 
at Queen's University in Kingston, Canada; the 
University of Alabama at Birmingham; and 
Nara University in Japan. There are also a few 
dogs at Cornell University in Ithaca, New York. 
Today, these colonies breed both haemophilic 
and healthy dogs to maintain populations with 
specific variants of the disease. 

It did not take long for dogs to become piv- 
otal to scientists’ understanding of the disorder 
in humans: the disease works in the same way 
in both species. Early breeding efforts in the 
1940s, for example, made it clear that in dogs, 
the genes responsible for haemophilia lie on 
the X chromosome — which later proved to be 
true for people, too. Except in rare cases, only 
males get the disease; females are carriers. “The 
genetic and laboratory studies from breed- 
ing these dogs and testing their blood helped 
establish the classic parallel example of humans 
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and animals having the same genetic defects,” 
says Jean Dodds, a veterinary surgeon in Santa 
Monica, California, who has been working with 
haemophilic dogs since 1959. 

More recently, gene-sequencing studies 
have revealed that identical genes with parallel 
mutations account for many cases of the dis- 
ease in both dogs and humans. Both species can 
have either haemophilia A or haemophilia B, 
versions of the condition caused by defects in 
the genes that produce the clotting proteins fac- 
tor VIII and factor IX, respectively. Symptoms 
are remarkably similar across species: both peo- 
ple and dogs with the disease are unable to form 
clots, so cuts can bleed uncontrollably. Bleeding 
in the bowel can lead to diarrhoea. And lumps 
of blood can form in joints and muscles. 

Dogs are also good models for practical 
reasons. Most of them are bigger than small 
children. They react to medicines much like 
humans do, allowing researchers to look to 
dogs first as they calculate doses. And the ani- 
mals cooperate well. “The dogs here are around 
people all the time,” says Nichols. “If you need 
to draw blood, they put their paws out.” 


DOGS FIRST 

Dogs in haemophilia colonies often win 
researchers’ hearts. Veterinary surgeon Clint 
Lothrop of the University of Alabama at Bir- 
mingham has adopted several from his colony, 
and he treats them at home when they bleed. 
The Queen’s University dogs run, climb and 
play with balls and other toys every afternoon, 
says Queen's haematologist David Lillicrap. The 
North Carolina dogs have access to an outdoor 
play area. With severe haemophilia, animals 
can bleed simply from wearing collars, so han- 
dlers are careful to prevent fights or rough play. 

Between play sessions, dogs give blood 
for research. Those donations have allowed 
scientists to make key discoveries about why 
the disease develops. 

By the 1950s, researchers knew that normal 
blood could correct clotting defects, but they 
were not sure which components of blood 
mattered most. With the help of dog blood, 
Brinkhous and others deduced’ that clotting 
factors were in the plasma rather than mixed 
in with platelets or blood cells. Giving healthy 
plasma to haemophilic dogs made them better. 
Once scientists had identified factors VIII and 
IX, and could distinguish between healthy and 
haemophilic dogs, Brinkhous and his colleagues 
were able to develop a test for measuring levels 
of the factors in plasma on the basis ofhow long 
it took for clots to form in test tubes. 

In the 1940s, life expectancy for humans 
with haemophilia had been about 20 years, 
often plagued by painful bleeding into muscles 
and joints, says Nichols. Plasma-replacement 
therapy transformed the quality — and duration 
— of life, as did the ability to concentrate the 
factor in plasma, developed by the mid-1960s. 

In the 1970s and early 1980s haemophilia 
treatment went through a dark period: 


contaminated plasma infected many recipients 
with hepatitis or HIV. Dogs helped people out 
of this tragic stage. 

Scientists thought that they had found the 
light at the end of the tunnel in 1984, when the 
cloning of the gene for factor VIII allowed them 
to make artificial factor in the lab’. But after 
years of dealing with blood-borne infections 
and a cultural fear of such genetically modified 
products, it was hard to get people to try the syn- 
thetic factor. Then studies’ in dogs showed that 
the treatment worked without complications, 
and a 43-year-old North Carolina state legisla- 
tor agreed to be the first person to sign up. “He 
knew of Brinkhous’s work and he knew of the 
dogs at Chapel Hill and it helped him to know 
that it had really helped the dogs and was safe,” 
says Nichols. 

To everyone’ relief, the treatment worked. 
In fact, infusion of the factor was so unevent- 
ful that the recipient, known as GM, pretended 
to be a hamster dur- 
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Cambridge, Massa- 
chusetts. “After slowly 
and painfully climbing to a balcony half way up 
the stairs, he delivered a powerful story about 
what it was like to grow up with hemophilia 
without adequate treatment, how asa child he 
had lost a beloved older brother from a bleed, 
and how important the development of safe 
recombinant factors was to him and all people 
with hemophilia,” wrote Gilbert White, direc- 
tor of the Blood Research Institute at the Blood- 
Center of Wisconsin in Milwaukee, in a paper* 
describing 35 years of advances in haemo- 
philia research. “His comments had the entire 
company in tears.’ 


POINTING THE WAY 
Research in canines often foreshadows what is 
coming for humans. Over the years, more than 
25 products that had been tested in dogs have 
been licensed for clinical use in people. One of 
the first studies to show the feasibility of gene 
therapy’, published in 1993, involved three 
factor-IX-deficient dogs and an extremely inva- 
sive procedure, in which researchers removed 
two-thirds of each dog’s liver. Over the course of 
three days, they injected the regenerating organs 
with a potentially dangerous HIV-like virus 
loaded with the healthy gene. The procedure 
boosted levels of factor IX from zero to 1% of 
normal — enough to fuel optimism that a more 
efficient procedure might one day be possible. 
By 1999, dog studies® began to show that one 
injection with a much safer vector called an 
adeno-associated virus could deliver a healthy 
factor IX gene, boosting levels of the clotting 


HAEMOPHILIA | OUTLOOK | 


factor to 2% — enough to reduce spontaneous 
bleeds. “We were able to move past that rapidly 
and have had levels of 10% for a long time,” 
says Katherine High, a haematologist at the 
Perelman School of Medicine at the Univer- 
sity of Pennsylvania in Philadelphia. Dogs can 
now get simple, 10- to 15-minute infusions of 
factor-bearing viral vectors. Similar work with 
factor VIII is close behind, says Nichols. 

Some of the first dogs to receive factor IX 
gene therapy with just a single injection have 
lived full and happy lives. Brad and Semi were 
two basenjis — African hunting dogs — who 
lived in the Alabama colony. After receiving the 
treatment, one died at 13, the other at 14, nei- 
ther from haemophilia-related causes. Several 
clinical trials are now assessing gene therapy 
with factor IX in humans (see page S160). 

Other studies are testing the possibility 
of administering factors VIII and IX orally 
instead of with an injection — a technique 
that has been shown to work in mice and is 
now being tested in dogs. And ongoing work 
by Lothrop and his colleagues suggests that 
replacement factors might become available 
as longer-lasting, less-invasive subcutaneous 
shots instead of intravenous injections. 

Dogs are also helping scientists to develop 
strategies for combating the inhibitor 
antibodies that many patients develop in 
response to factor-replacement therapy. One 
approach’ gives dogs a gene to express another 
clotting factor, factor VIa, completely bypass- 
ing the need for factors VIII and IX. The tech- 
nique can reduce the number of bad bleeds 
each year from five or ten to one or even none. 

In other lines of work, dogs have undergone 
bone-marrow transplants to express factor 
VIII in their platelets, shielding them from 
inhibitors. And Nichols’ team has acquired a 
strain of dogs deficient in clotting factor VI, 
allowing it to test therapies for rare bleed- 
ing disorders that may not occur in enough 
humans to allow large clinical trials. 

It is unlikely that any of these next-gener- 
ation approaches would have been possible 
without canine models. “The role of haemo- 
philic dogs in the preclinical development of 
novel therapies for haemophilia during the 
past three decades has been enormous,’ says 
Lillicrap. The disease once seemed insur- 
mountable, but in the years ahead, he says, 
dogs will continue to provide insights that will 
make life better for humans. = 


Emily Sohn is a freelance journalist in 
Minneapolis, Minnesota. 
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